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ABSTRACT
USE OF EPS-FILLED TIRES AS LIGHTWEIGHT CONSTRUCTION MATERIAL
Sethapong Sethabouppha 
Old Dominion University, 2003 
Director: Dr. Isao Ishibashi
The purpose o f this research is to study the possibility o f recycling discarded 
automobile tires as a lightweight construction material by injecting expanded polystyrene 
(EPS) into the hollow space of the tires. The observation from compression tests on used 
tires revealed that the tread wall of these tires bent toward their own center. This inward 
deformation should provide confining stress to the contained EPS, and thus the 
compressive strength of EPS-tire composite was expected to be higher than that o f EPS.
To produce EPS-filled tire prototypes for this study, EPS type II, with density of 
24 kg/m , was injected into hollow space o f used tires. These EPS-tire prototypes had 
some air pockets unfilled with EPS inside. The air pockets were filled by injecting sealant 
foam made of polyurethane intermediate available in hardware stores. Compression tests 
on individual and stacked EPS-tires were carried out in the laboratory. Result from 
compression tests revealed that the yield strength of EPS-tires was higher than that of 
EPS, but with a lower elastic modulus. The laboratory compression tests were simulated 
by using a computer program UDEC, which was based on the distinct element method 
(DEM). The two-dimensional UDEC, along with a three-dimensional finite element 
program KENLAYER, were used to simulate plate load tests on subgrade soil covering 
EPS-tire embankment to find modulus of reaction on top o f subgrade, which is needed 
for the pavement design.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
It appeared that the EPS-tires studied in this research were relatively soft 
when com pared with conventional em bankm ent m aterials for highway 
embankm ents. The cost analysis shows that systems of EPS-tires are m ore expensive 
than other treatm ent methods for soft ground problem s at present mainly due to the 
cost of handling the tires during the m anufacturing process. However, if  the 
m anufacturing technique were improved, and the m anufacturing cost were reduced 
due to mass production, a system of EPS-tire em bankm ent would be an attractive 
alternative to solve the issue of used tires disposed in landfills.
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1.1 Statement of Problem
Since the disposal o f automobile tires is an important issue o f environmental 
concern, several research efforts have been made to explore successful ways to use those 
discarded tires, especially in geotechnical engineering application. Shredded or whole 
tires have been used as lightweight fill materials in many experimental roadway projects 
around the world (e.g. Edil and Bosscher 1994, Hoppe 1994, PIARC 1997, Tweedie et al. 
1998)*. However, those applications had yielded a limited success due to the still 
relatively high density o f shredded tires-soil mixture, and the very high compressibility 
and potential for progressive deformation of pure shredded tires. Meanwhile, EPS 
(expanded polystyrene) has been successfully used as a super lightweight and frost 
protective material in the U.S. and Europe. However, EPS possesses relatively low yield 
strength. To make the most out o f used tires and EPS, this project proposes the injection 
of EPS into the hollow space inside the tires to form an innovative material, the EPS- 
filled tire. The preliminary laboratory tests of this composite revealed some improved 
properties, which seems to make EPS-tires a convincing new alternative in lightweight 
construction materials.
* Geosynthetics International is used as the format model for reference cited.
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1.2 Scope of Research
This research includes the laboratory compression tests to investigate the behavior 
of EPS-filled tires under compression, numerical analysis of stacked EPS-filled tires by 
distinct element method (DEM), development o f design parameter (modulus of reaction 
on top o f subgrade soil covering EPS-tire embankment), and cost evaluation in 
comparison with other conventional techniques for construction on soft ground.
1.3 Outline of Research
This dissertation is presented in seven chapters. This chapter introduces the 
problem and objective as well as the scope o f the research. Chapter Two presents the 
background of two materials: expanded polystyrene (EPS); and used automobile tires.
In Chapter Three, the manufacturing process and laboratory compression tests of 
EPS-tire prototypes are reported. The laboratory tests include compressions of single 
EPS-tire units and stacks of EPS-tires.
Chapter Four presents the simulation of laboratory compression tests by using a 
commercial program named UDEC. This numerical analysis program is based on the 
distinct element method (DEM), which can perform analysis o f stresses and deformation 
o f discrete systems.
In Chapter Five, designing of pavement structures on EPS-tire embankment is 
presented. Included in this chapter are selection of suitable pavement design method for 
EPS-tire system, determination of design parameter, and an example o f pavement 
structure designed on EPS-tire embankment.
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Chapter Six presents an example o f cost analysis o f pavements constructed on an 
EPS-tire embankment in comparison with other techniques used for treatment of 
problems in embankment construction on soft ground.
Finally, in Chapter Seven, a summary and conclusion o f the results from this 
research are presented. In addition, potential future work beyond this research is 
recommended.
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CHAPTER 2 
BACKGROUND OF MATERIALS USED 
2.1 Expanded Polystyrene (EPS)
2.1.1 Description
Expanded polystyrene (EPS) is a type of polystyrene foam. Another well-known 
type of polystyrene foam is extruded polystyrene (XPS). When used in geotechnical 
application, it is widely called as geofoam (Horvath 1997). However, geo foam is not 
limited to these two types of polystyrene foams. It also includes polymeric (plastic) 
foams such as glass foam (cellular glass). This dissertation discusses only EPS foam as it 
is the type of polystyrene used in this research.
Produced as blocks or boards of low-density cellular plastic foam solids, EPS has 
been successfully used in many highway and airfield projects as a lightweight material to 
solve the settlement and stability problems of soft foundation soil (Beinbrech and 
Hillmann 1997, Duskov 1998, Horvath 1995, Rueter and Rutz 2000, and Saye et al. 
2001). It is also used as insulation to protect subgrade soil from frost penetration such as 
in Colorado (Upright 1989), Maine (Kestler and Berg 1995), and Alaska (Esch 1995).
2.1.2 Manufacturing Procedure o f EPS
EPS is molded as blocks or customized shapes (Horvath 1997). In any case, the 
same manufacturing principle is employed. As described by Negussey (1998), 
polystyrene resin beads, which contain very small bubbles of hydrocarbon gas, are 
exposed to steam. Under heat and pressure, the beads soften and the bubbles expand to
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create cellular spheres. The beads are then left alone for stabilization for a short period 
and then injected into a mold. With further heat and pressure, the beads expand and fuse 
to form the shape of its containing mold. Typically, EPS blocks are manufactured 305 to 
1,219 mm wide, 1,219 to 4,877 mm long, and 9.5 to 610 mm thick. Delivered unit price 
of EPS ranked from $35-$45 / m3 (Negussey 1998).
In the market, there are five types of EPS available. These EPS products are 
classified by nominal density, which is ranked from 12 kg/m3 to 32 kg/m3.
2.1.3 Engineering Properties o f EPS
According to GeoTech Systems Corporation (1997), each type o f EPS and some 
of its physical properties could be summarized as shown in Table 2.1.
Table 2.1 Physical properties of expanded polystyrene.
Property ASTM Test Type of EPS (Classified by ASTM C 578)
Type XI Type I Type VIII Type II Type IX
Density, kg/m3 C303 /
- Nominal D1622 12 16 20 24 32
- Minimum 11 15 18 22 29
Compressive C165 /
Strength, kPa D1621
- at 0.5% strain 17 24 29 41 55
- at 1.0% strain 35 48 58 82 110
- at yield point 35 69 90 104 173
or 10% strain
Flexural Strength, C203 70 173 208 276 345
kPa
Water Absorption, C272
Maximum % by (Total 4.0 4.0 3.0 3.0 2.0
Volume Immersion)
Modulus of D1621 3103 4655 5862 7935 10344
Elasticity, kPa
Poisson’s Ratio 0.05 0.05 0.05 0.05 0.05
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Several researchers have also reported other important properties of EPS. Those 
properties are briefly described here.
Elastic Modulus and Yield Point
Many researchers such as Horvath (1995), and Duskov (1998) revealed that EPS 
with higher density has a higher elastic modulus and yield point, which conforms with 
the data in Table 2.1. A study of dynamic properties by Athanasopoulos et al. (1999) 
shows the same tendency as well. For temperature aspect, Duskov (1998) found that 
change in temperature under normal roadway conditions did not change elastic modulus 
of EPS.
Creep
Horvath (1995), reported creep tests on EPS with 14.5, 23.5, and 32.5 kg/m3 
density (type I, II, and IX, respectively). After 500 days o f sustained compressive stress 
of 30 kPa, EPS type I underwent approximately 2.5% strain in creep. EPS type II had no 
significant creep under the same sustained stress. Furthermore, EPS type IX could carry 
60 kPa of compressive pressure without significant creep.
In addition, the results of creep tests by Duskov (1998) revealed that for EPS with 
density of 15 kg/m , under the anticipated static load of 15 kPa of an overburden highway 
structure, the dynamic load of 20 kPa was the limited load to keep the EPS from 
undergoing excessive creep deformation. In similar, 30 kPa was the limited dynamic load 
for EPS with density of 20 kg/m3 under the same static load.
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Interface Friction Ansle
Negussey (1998) indicated that EPS has interface friction angle similar to sands’. 
This means the friction angle ranges between 25-40 degrees.
Poisson’s Ratio
Other than the value shown in Table 3.1, Duskov (1998) indicated that EPS with 
density o f 20 kg/m3 had Poisson’s ratio ranged from 0.07-0.11.
Water Absorption
Negussey (1998) suggested that EPS could absorb water up to 10% of its volume 
over a period of 12 years immersed in water. However, Duskov (1998) reported that 
broken EPS cells would absorbed additional water other than the space between the cells, 
however, absorption of water had no effect on EPS behavior under compression tests.
Flammabilitv
EPS is widely known as one of the most flammable materials. However, flame 
retarder could be added into EPS during molding process as described by Bergstorm 
(1998). The retarder could help prevent flame spreading if  EPS caught fire.
2.2 Used Automobile Tires
2.2.1 Uses o f  Discarded Tires
In the United States, more than 200 million used tires are discarded annually 
(Foose et al. 1996), creating huge stockpiles throughout the country. Recently, disposal of
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used tires in sanitary landfills has been banned (Bosscher et al. 1997). As a result, several 
organizations are trying to search for proper ways to utilize those wasted tires.
In geotechnical engineering applications, several experimental studies have been 
conducted throughout the world. Used tires from large trucks were used as bridge 
approach fdling material in France (PIARC 1997). Tire shreds have been studied for its 
engineering properties (Edil and Bosscher 1994, Foose et al. 1996, Humphrey et al.
1993), and used as lightweight filling material for highway embankment (Bosscher et al. 
1993, Hoppe 1994). Because of their low coefficient of lateral earth pressure, tire shreds 
also have been used as backfill material behind retaining wall (Lee et al. 1999, Tweedie 
et al. 1998). Furthermore, tire shreds were also studied for use as potential material for 
frost protection under pavement (Dore et al. 1995), and as landfill components for the 
function o f drainage layer and geomembrane’s protection layer (Narejo and Shettima 
1995). For environmental aspects, studies conducted by Bosscher et al. (1993), and 
Hoppe (1994) reported that leachage from tire shreds were within the environmental 
safety standard.
It is appeared that these studies and engineering applications indicated some 
success, nonetheless, each of them had some problems. Tire shreds alone possessed too 
low rigidity, and resulted in the requirement o f being mixed with sand for use as highway 
embankment. Thus the purpose of being a lightweight material was not successfully 
achieved. Other negative results in highway embankment applications included 
difficulties in compaction, and initial and progressive settlement due to the repositioning 
of the tire shreds.
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2.2.2 Survey o f Tire Size
Since it can be anticipated that the tire diameter will play an important role in 
spacing and contact area when they are stacked up, it is important to obtain some 
information about tire size. Tires being used and disposed were investigated from two 
types o f sources. First, discarded tires were surveyed in two tire stores, and second, 
vehicle tires in use on the roads were counted from traffic in two different locations. 
Figure 2.1 demonstrates the distribution of tire diameter from two tire dealers, one in 
Norfolk, VA, and another one in Charlottesville, VA. Thirty-five used tires were 
randomly picked up from each store and measured for their size. Figure 2.2 shows the 
result of two traffic surveys in Norfolk, VA. The first location was at the intersection of 
Flampton Boulevard and Bolling Avenue, and the other location was on Kempsville Road 
near Sentara Leigh Hospital. At each location, stopped vehicles were classified by the 
type of tire those vehicles typically used. The categories used were compact car, midsize 
car, fullsize & luxury car, minivan, sport-utility car, van & truck, and large truck.
Vehicles in each category were counted, and actual sizes o f tires were then measured 
from the vehicles parked elsewhere.
Figure 2.1 shows that the data from both tire stores are almost identical with the 
majority o f tires with average diameter of 0.625 m, which is the size o f tires for passenger 
cars. However, it is possible that this result does not represent the true scenario of the 
tires being used and disposed because some tires dealers might have a certain group of 
customers with a narrow range of tire sizes. The extensive road surveys provide a better 
picture of tire size as shown in Figure 2.2. This survey demonstrates that the majority of
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tires were not those o f passenger cars. There were plenty o f vehicles with larger tires such 
as sport utility vehicles, and pick up trucks as well.
5 0 .0 0  t
□  S to re  1; Norfolk, Va.
□  S to re  2; C h arlo ttesv ille , V a.
< 0 .5 5  0 .5 5 1 -0 .6 0 0  0 .6 0 1 -0 .6 5 0  0 .6 5 1 -0 .7 0 0  0 .7 0 1 -0 .7 5 0  >0.751
D i a m e t e r  o f  T i r e  ( m )
Figure 2.1 Distribution of diameters of used tires in two tire stores.
<0.55 0.551-0.600 0.601-0.650 0.651-0.700 0.701-0.750 >0.751
Diameter (m)
□  Hampton Boulevard @ Bolling Avenue 
■  Kempsville Road
Figure 2.2 Distribution of tire diameter from road surveys.
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2.2.3 Compression Tests o f Used Tires
The only material property of used tires that was expected to play important role 
in this study was compressive behavior. Therefore, basic compression tests o f used tires 
were conducted in Old Dominion University’s Structural Engineering Laboratory. Eleven 
used tires were compressed as shown in testing scheme in Figure 2.3.
Compressor and Piston
Steel Plate Steel Plate
Compressed Tire Ply Wood Plates
Concrete Floor
Figure 2.3 Test setup for compression of used tires.
In the test, used tire was compressed between two plywood plates. The bottom 
plate was on flat concrete floor. A system of loading plates, which consisted of a 
plywood plate and two steel plates as shown in Figure 2.3, was set on the top of the tire. 
Compressive pressure was applied through a fixed compressor. Vertical deformation was 
measured through three dial gauges installed at 120 degrees horizontally apart. The 
deformation was recorded at every compressive load at intervals of 2 2 .6 8  kg until the 
piston was extended to its maximum range, or the applied pressure reached the maximum 
capacity. During the unloading process, the deformation was also recorded. Figure 2.4 
demonstrates loading and unloading curves of selected three used tires.
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-T ire  3 - Unloaded
—i t - -T ire  6 - Loaded
—A —-  Tire 6 - Unloaded
— -T ire  7 - Loaded
—©—-T ire  7 - Unloaded
Figure 2.4 Loading and unloading curves of three selected tires under compression.
In Figure 2.4, three loading-unloading curves o f tires designated number 3,6, and 
7 are presented. The figure demonstrates that used tires could have different resistance to 
the applied compressive load, which depended on several factors. One factor might be 
how straight or round the tread wall is, as shown in Figure 2.5. Another factor might be 
how the tires have worn out. Some tires had worn out so much that the steel belts are 
exposed as shown in Figure 2.6. Table 2.2 shows observed physical characteristics of 
eleven used tires in the order of their corresponding stiffness.
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Figure 2.5 Used tires with straight edge (upper), and round edge (lower).
Figure 2.6 Used tire with steel belt exposed.
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Table 2.2 Result of compression tests of used tires and related physical observations.
Tire No. Elastic Modulus, kPa Physical Observation
3 195 Straight tread wall, no steel belt exposed.
8 184 Straight tread wall, no steel belt exposed.
11 101 Straight tread wall, no steel belt exposed.
1 79 Rounded tread wall, no steel belt exposed.
7 75 Straight tread wall, worn out a lot.
13 72 Rounded tread wall, worn out a lot.
2 57 Rounded tread wall, worn out a lot.
5 52 Straight tread wall, worn out a lot.
10 48 Straight tread wall, worn out a lot.
6 35 Straight tread wall with steel belt exposed.
4 27 Straight tread wall with steel belt exposed.
Data in Table 2.2 shows that tires with straight tread walls and relatively little 
wear tended to have higher stiffness. Tires with steel belt exposed are definitely weak.
There was another interesting deformation mechanism of used tires under 
compression. As shown in Figure 2.7 and 2.8, under compression, the thread wall slightly 
bends inward. This would likely increase confining pressure to any material filled inside 
the hollow space of the tire.
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Figure 2.7 Tire before compression.
Figure 2.8 Tire under compression.
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CHAPTER 3 
MANUFACTURING AND TESTINGS OF EPS-FILLED TIRES 
3.1 Background
The purpose of filling the hollow space inside the tire with EPS was to improve 
the rigidity of both tires and EPS. Under compressive load, as discussed in previous 
section, the deformations o f the tires occur at the top and bottom sides (these portions are 
called sidewalls), and the tread wall (the portion meant to contact the road surface). It 
should be noted that the thread wall bends inward to the center o f the tire. Therefore, the 
vertical deformation could be reduced if the inner space of the tire is completely filled 
with some material. As a result, EPS was considered to be the highly suitable material for 
this because of its very light weight and expansion ability. From this design, EPS is 
expected to provide resistance to the inward deformation o f the tread wall under 
compression. Thus, compressive strength of the EPS-tire unit will increase.
3.2 Trial Batch of EPS-Filled Tires
3.2.1 Manufacturing
The first trial set of EPS-filled tires was manufactured in the summer o f 1998. 
Eight used tires with diameter of twenty-six inches or smaller, and width no wider than 
eight inches were sent to an EPS molder in Radford, Virginia. The EPS molder requested 
that the size of those tires must be limited in order to fit in an existing EPS mold. 
However, only seven tires were filled with EPS, due to the limited space of the mold. 
Tires were put inside an EPS mold and filled with EPS using a process identical to the
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normal EPS manufacturing as described in Section 2.1. The EPS foam beads used for 
injection for this molding was type I with the density of 15 kg/m3. After the tires went 
through the process, most o f the tires were well filled with EPS. Figure 3.1 illustrates a 
typical EPS-filled tire. However, there were some small spaces left unfilled inside the tire 
wall, and some tires were out of shape because o f overfeeding with EPS beads as shown 
in Figure 3.2.
Figure 3.1 Typical EPS-filled tire.
Figure 3.2 Tire with EPS overfed.
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3.2.2 Preliminary Tests on Trial Batch o f EPS-Tire Units
Compression tests were performed on EPS- tire units along with a small sample 
of EPS block cut from the same molding. The size of the EPS sample was 0.1 m x 0.1 m 
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Figure 3.3 Stress-strain curves from compression tests on EPS block and EPS-tire 
unit.
As shown in Figure 3.3, EPS block had a stiffness or elastic modulus of 2650 kPa, 
initially. However, this elastic region was limited to under compressive stress of 50 kPa. 
Meanwhile, the stress-strain curve of EPS-tire unit shows a relatively lower initial 
stiffness o f about 500 kPa. The nearly straight portion, presumably the elastic region, was 
extended to over 200 kPa. The initial soft stiffness might come from seating condition 
and uneven surface of the EPS-tire units.
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3.3 EPS-Tire Prototypes
The second batch of EPS-filled tires was produced in 1999. This time EPS type II 
was used instead of type I, because of its higher stiffness and better performance of creep. 
An attempt to solve the problem of voids left unfilled in EPS-tire units batch one was 
made by drilling holes around the sidewalls o f the tires. However, the problem still 
persisted because the holes were too small for EPS beads to flow inside the hollow space.
To fill the empty voids, another foam material available in commercial 
warehouses was injected through holes drilled on the walls of the tires. This foam was 
polyurethane intermediate, generally used for sealing o f open spaces such as blocked out 
holes around pipes. A 0.1x0.1x0.1 m cube of this sealant foam was made in order to 
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Figure 3.4 Stress-strain relationship of polyurethane block.
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The compression test of this sealant foam material shows that its yield strength 
was 35 kPa at approximately 3 % strain, and the elastic modulus was 1535 kPa. Though 
this sealant foam was not as strong as EPS, it is anticipated to improve the performance 
of EPS-tires.
3.4 Engineering Properties of EPS-Filled Tires
3.4.1 Primary Compression Tests
Extensive compression tests were performed on several EPS-fdled tire units. The 
test set up was exactly same as those previous compression tests as shown in Figure 3.5.
Figure 3.5 Compression test set-up of EPS-filled tire.
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An EPS-tire unit was first compressed up to the stress o f 130 kPa, and released. 
Then, the compression was applied again up to 165 kPa. The stress-strain relationship is 
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Figure 3.6 Stress-strain relationship of an EPS-tire unit under repeated 
compressions.
For the first loading, the graph shows that the elastic modulus (slope) during the 
early stage was approximately 520 kPa, which was relatively low as previously 
mentioned in the preliminary test. As the compressive stress was increased, the elastic 
modulus was improved to as much as 2300 kPa. This demonstrates that EPS-tire unit was 
a non-linear elastic material. After the compressive load was removed, the EPS-tire unit 
did not recover fully. However, the elastic modulus (slope) slightly increased when the 
second load was applied. After the compressive stress exceeded the maximum of the
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previous loading, the slope declined to resemble the virgin slope. The same behavior was 
also observed when other EPS-tire units underwent a similar test.
A series of repetitive compression test was performed on another EPS-filled tire. 
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Figure 3.7 Stress-strain plot from a repetitive compression test on an EPS-filled tire.
The unit was compressed to the stress level o f 77.5 kPa for the first loading. Then, 
the stress was reduced to 5.5 kPa before the unit was reloaded again up to 77.5 kPa. At 
the end of the second unloading, compressive stress was stopped at 20 kPa, which was 
approximately the anticipated stress due to overburden pavement system. The unit, then, 
was loaded and unloaded repetitively for six cycles, with the maximum stress of 77.5 kPa 
and the minimum stress o f 20 kPa.
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Figure 3.7 shows that the strain of an EPS-filled tire continued to develop after 
the first loading. However, when the unit was loaded repeatedly, the increase of peak 
strain reduced as plotted in Figure 3.8. This behavior is similar to that o f soils used in 
highway construction.
20
Round of Load Repetition
Figure 3.8 Plot of peak compressive strain due to load repetition.
In conclusion, EPS-filled tires have demonstrated some promise for use as a 
lightweight construction material. If this material is used as a fill material in highway, the 
low elastic modulus and the relatively large deformation at the low compressive stress 
could be overcome by the surcharge of the pavement system.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
3.4.2 Compression Tests o f Single Unit o f EPS-Filled Tires 
Purpose
The main purpose of this experiment was to find the elastic modulus o f EPS-tire 
units, which was the most important parameter for a numerical analysis by the distinct 
element method. The test setup was the same as the one used in the preliminary 
compression tests. However, since the stress-strain relationship of EPS-filled tire was 
non-linear, a series o f different repetitive stresses with different initial static stresses were 
applied to simulate field stresses due to the overburden and traffic load as summarized in 
Table 3.1.
Table 3.1 Series of compression tests on EPS-filled tires.
Series A m plitude of 
Repetitive Stress, kPa
Static Stress, kPa
1 1.4 10 14 17 21 24
2 3.5 10 14 17 21 24
3 7.0 10 14 17 21 24
4 14.0 10 14 17 21 24
5 35.0 10 14 17 21 24
Testing Procedure
1. For the first series, the EPS-tire is loaded with the static stress o f 10 kPa.
2. A repetitive stress of 1.4 kPa is applied at once until the rate o f deformation 
becomes 0.001 in. per minute or less for three consecutive minutes. The 
deformation at the end is recorded.
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3. Remove the repetitive stress. While keeping the static stress constant, let the 
EPS-tire unit recovers until the rate of recovery becomes 0.001 in. per minute 
or less for three consecutive minutes. Record the deformation at the end. This 
is the end of the first repetition.
4. Repeat Steps 2 and 3 for the total o f 10 repetitions.
5. Go back to Step 1, increase the static stress to the next initial stress (14 kPa) 
as shown in Table 3.1, and then repeat Steps 2 to 4 again with 1.4 kPa 
repetitive stress. The series is completed when initial stress o f 24 kPa is 
applied.
6 . Start the next series, from Steps 1 to 5, with the next level o f repetitive stress 
(3.5 kPa) as show in Table 3.1.
7. Repeat Steps 1 to 6 until the tests with the largest repetitive stress (35 kPa) are 
completed.
There were two reasons why the deformation was recorded at the tenth cycle.
First, the compressive stress and strain became stable near the tenth cycle. Second, the 
plate load test for pavement design on embankments, which will be discussed later, 
requires the deformation at the tenth cycle. The description of the series o f loading may 
be better demonstrated by a graph as shown in Figure 3.9.
Results
The tests were performed on six different EPS-tire units with the identification 
numbers 104, 107, 108, 109, 110, and 113. An example o f the deformation corresponding 
to the applied stress is demonstrated in Figure 3.10. By using the concept o f chord
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modulus from the point o f static stress to the peak stress, elastic modulus then was 
calculated during the tenth loading cycle. Figure 3.11 to 3.15 shows the elastic modulus 
obtained from each series of compression tests.
Round of Repetition
Figure 3.9 Series of compressive stresses in the repetitive compression tests.
ilttittH
- t t /m i
■UHlHlimoil
m a u u m r n
m m m
w IFwf
0 50 100 150 200 250
Round of Repetition
Figure 3.10 An example of series of resulting compressive strain corresponding to 
the series of compressive stresses in Figure 3.9.
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Figure 3.12 Elastic modulus of EPS-filled tires for repetitive stress 3.5 kPa.
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Figure 3.14 Elastic modulus of EPS-filled tires for repetitive stress 14 kPa.
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Figure 3.15 Elastic modulus of EPS-filled tires for repetitive stress 35 kPa.
Average elastic modulus can be used for the purposes o f design and analysis of 
pavements by discrete element method in the next chapter. The chart o f average values as 
a function of static stress and repetitive stress amplitude is show in Figure 3.16.
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Figure 3.16 Elastic modulus of EPS-filled tires as a function of static stress and 
repetitive stress.
3.4.3 Compression Tests o f EPS-Filled Tire Stacks 
Purpose
The main purposes of stack tests are to investigate behavior of EPS-filled tire 
stacks, and to find necessary parameters for use in UDEC, the computer program for 
distinct element analysis.
Compression o f EPS-Filled Tires Stacked in Two and Three Dimensions
In the reality, under pavement system, EPS-filled tires are stacked in three 
dimensions. However, since UDEC is a two-dimension program, and the availability of
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EPS-filled tires was limited, two dimensioned stacks of EPS-filled tires were used for 
compression tests in this study. The controlling condition for this case is that, on both two 




Three-Dimensioned Stack Two-Dimensioned Stack
Figure 3.17 EPS-filled tires stack in three and two dimensions.
In Figure 3.17, for a three-dimensional EPS-tires stack, when cris the magnitude 
of applied stress over the entire area (At) o f an EPS-tire on the top, the average stress on 
the contact area (Acc3) o f the three supporting EPS-tries (crC3) could be calculated from the 
following Equation.
a x  A,
Vc3 = (3-1)
3 A c c 3
Similarly, for a two-dimensional EPS-tires stack, on the contact area o f the two 
supporting EPS-tires (Acc2), the average stress (crC2) could be found as




2 A c c 2
When the equal stress condition is applied, the following condition of the contact 
areas could be obtained.
3Acc3 = 2Acc2 (3.3)
In order to verify the validity o f the above concept, compression tests of stacks in 
two and three dimensions were performed in comparison. To satisfy Equation 3.3, EPS- 
tires must be arranged at a certain distance. According to Figure 3.17, diameter (£)) was 
set as 0.617 m. This number came from the average diameter o f those tires available in 
this study. The distance from center to center of the supporting units in three dimensions 
(1S03) was set as the maximum diameter o f the available tires, 0.66 m. When arranged in 
two dimensions, the supporting EPS-tires must be placed at 0.607 m from center to center 
(S02) to satisfy the condition set by Equation 3.3. The detailed calculation can be seen in 
Appendix A.
Figures 3.18 and 3.19 show stacks of three layers o f EPS-filled tires in two and 
three dimensions, respectively. All stacks were subject to a series o f five cycles of 
compressive stresses o f 10, 25, and 40 kPa. Deformations of those stacks were recorded 
during the last compressive cycles. The maximum deformations of those stacks are 
presented in Figure 3.20.
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Figure 3.18 Three layers of EPS-filled tires as stacked in two dimensions.
Figure 3.19 Three layers of EPS-filled tires as stacked in three dimensions.
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Figure 3.20 Deformations of EPS-filled tires stacked in two and three dimensions.
As shown in Figure 3.20, the maximum deformations o f those EPS-filled tires 
when stacked in two and three dimensions are about the same. Thus, in this study, 
compressive tests on two-dimensional stacks o f EPS-filled tires were employed in lieu of 
actual three-dimensional stacks.
Compression Tests on Stacks o f One, Two. Three. Four, and Five Lavers
The purposes of compression tests on EPS-filled tire stacks were to investigate the 
behavior o f the stacks under compression, and to calibrate parameters needed for the 
numerical analysis by UDEC.
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Compression tests were carried out on two-dimensional EPS-filled tire stacks with 
different numbers o f layers, starting from one layer up to five layers. Three compression 
tests were performed for each number of layers. To conduct each compression test, EPS- 
tires were picked randomly from the available EPS-tire stock. Therefore, there were 
fifteen sets of compression test. As previously calculated in two and three dimensional 
stacks, EPS-filled tires were stacked up by placing at the distance o f 0.607 m apart from 
center to center. EPS-filled tires in the upper layer were placed right at the midpoint 
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Figure 3.21 Two-dimensional arrangement of EPS-filled tires for stack tests.
The series o f compressive stress consisted of the initial static stress o f 17.29 kPa, 
which was the anticipated stress due to the 0.60-meter thick overburden pavement 
system. Then ten cycles o f repetitive stress of 5.64 kPa, 11.47 kPa, and 17.29 kPa were 
applied respectively in addition to the static stress. Those series o f stresses is shown in 
Figure 3.22.





Figure 3.22 Series of compressive stresses applied on EPS-filled tire stacks.
Similarly to the compression test in the previous sections, at the end of loading 
and unloading, stress was maintained until the rate of deformation was lower than 0.001 
inch per minute for three consecutive minutes. Results o f these tests are shown in Figures 
3.23 to 3.27.
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Figure 3.23 Deformation of one-layered stacks of EPS-tire corresponding to 
compressive stress series in Figure 3.22.
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Figure 3.24 Deformation of two-layered stacks of EPS-tires corresponding to 
compressive stress series in Figure 3.22.
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Figure 3.25 Deformation of three-layered stacks of EPS-filled tires corresponding to 
compressive stress series in Figure 3.22.
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Figure 3.26 Deformation of four-layered stacks of EPS-filled tires corresponding to 
compressive stress series in Figure 3.22.






Round of Load Repetition
Figure 3.27 Deformation of five-layered stacks of EPS-filled tires corresponding to 
compressive stress series in Figure 3.22.
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From Figures 3.23 through 3.27, the deformations during the 10th cycle of all 
compression tests are plotted in Figure 3.28. This data is used for the numerical 
simulation by distinct element method in the next chapter.
a
a
0 1 2 3 4 5 6
Layers of EPS-Tires
Figure 3.28 Plot of deformation during the tenth cycle of each magnitude of 
repetitive stress.
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CHAPTER 4 
NUMERICAL ANALYSIS OF EPS-FILLED TIRE SYSTEMS BY 
DISTINCT ELEMENT METHOD
4.1 General Description of Distinct Element Method
The distinct element method or discrete element method (DEM) was first 
developed in early 1970’s by Cundall (Cundall 1971, Cundall and Strack 1979). It has 
been mainly used for analysis of rock mechanics problems. A review of the use of finite 
element method (FEM) and DEM on several systems of EPS blocks by Takahara and 
Miura (1998) demonstrates DEM is more appropriate for analyses of EPS-tire systems 
because of the discontinuity o f EPS-tire units. A discrete element system is comprised of 
discrete blocks with existence o f contacts or interfaces between them. The following 
description of DEM is briefly summarized from the user’s manual o f Universal Distinct 
Element Code (UDEC), version 3.0, by Itasca Consulting Group, Inc. (1996). More fully 
elaborated theoretical background o f DEM can be found in the same literature.
In a discrete element system, the numerical model must represent two types of 
mechanical behaviors o f materials: (1) behaviors of discontinuity, and (2) behaviors of 
solid block material. The system could be categorized both by the way that the 
discontinuity is presented: finite contact stiffness or infinite contact stiffness, and by the 
way that the solid block material is presented: deformable or non-deformable. Figure 4.1 
demonstrates a system of discrete elements with its numerical model.
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_  X / \ ____
(AT/y, G b)
Figure 4.1 System of two contacting blocks transferred into discrete element system.
Figure 4.1 shows a system consisting of two discrete blocks: A and B. On the left 
hand side of the picture is the true configuration of the blocks with a portion of one-side 
contacts to each other. On the right hand side of the picture, those two blocks are drawn 
in a manner of numerical model. For the numerical model of the discontinuity, two 
springs and a slider represent the contact between those blocks. One spring, with spring 
constant of ks, represents shear stiffness o f the contact, which reacts against shear stress 
along the contact surface. When the shear stress exceeds shear stiffness o f the contact, the 
slider provides friction against the movement along the surface. Another spring, with 
spring constant o f kn, represents normal stiffness, which reacts against contraction or 
separation of the blocks. For the blocks with elastic materials, bulk modulus (K ), and 
shear modulus (G) are required. Models other than elastic materials can also be used as 
described in the UDEC manual (Itasca Consulting Group Inc. 1996).
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Discrete element models with finite contact stiffness (low kn, low ks) are used 
when the stiffness of contacts is measurable. The models with infinite contact stiffness 
(high k„, low ks) are used when the contact stiffness is so high that the interpenetration 
between the adjacent blocks does not occur. Meanwhile, models with non-deformable 
blocks (extremely high elastic modulus) are used when the study is focused on movement 
of the blocks such as sliding, falling, rotation, etc. Models with deformable blocks (lower 
elastic modulus) are used when the significant deformation of the blocks themselves is 
anticipated.
4.2 Universal Distinct Element Code (UDEC)
In this study, response and performance o f EPS-filled tire systems are to be 
evaluated by using a commercial software named Universal Distinct Element Code 
(UDEC). The code is capable of performing distinct element analysis on both deformable 
blocks and non-deformable blocks. Since EPS-filled tires are deformable, only the major 
concepts o f numerical formulation and computation for deformable blocks are briefly 
presented in this section. More detail can be found in UDEC user’s manual by Itasca 
Consulting Group, Inc. (1996).
For UDEC, every deformable block in the system is comprised o f triangular finite 
difference zones as shown in Figure 4.2. UDEC generates these zones with the size 
dictated by user. The program tries to avoid the condition of a comer o f any zone 
positioned at the middle of an edge o f the adjacent zones. The adjoining points of those 
comers are called grid points.
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Block Boundary
Finite D ifference Z on e
Grid Point!
Figure 4.2 Deformable blocks with finite difference zones.
UDEC requires an input file, written by any word processor, to execute. The input 
file contains execution commands, block coordinates, boundary conditions, material 
properties, and others problem-dependent parameters.
The computation in the distinct element method alternates between application of 
a force-displacement law at all contacts to find contact forces, and Newton’s second law 
of motion at all grid points within the blocks to find block motions. With those resulting 
forces and motions, stresses are updated inside each triangular zone. The whole 
calculation is a dynamic converging procedure using a very small time step for each cycle 
of computations.
At the early steps of the dynamic calculation system, all o f the blocks in the 
system are moving, and thus, they cause unbalanced forces at grid points. Ideally, the 
calculation cycles continue to converge until the system reaches equilibrium when the
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unbalanced forces at all grid points are zero, which never happens in numerical analysis. 
Therefore, the calculation procedure has to be stopped at a certain point. For UDEC, the 
maximum unbalanced forces at all the grid points in the system are detected at each cycle 
of calculation. By default, the program stops when the average ratio of unbalanced force 
magnitude to the applied force magnitude at all grid points reaches 10'5 or less.
UDEC can display several results of the analysis. Important results in this study 
are the displacement of the block system, and stress distribution. The history of the 
unbalanced forces during the entire calculation process could be observed in order to see 
whether the system converges into an equilibrium or not.
4.3 Basic Input Parameters for UDEC
4.3.1 Block Roundins
It is necessary for UDEC that every comer o f all blocks are rounded, otherwise, 
erroneous stress concentration will occur at the comers of the blocks. Rounding length of 
block comers is problem-dependent. Figure 4.3 shows the definition of rounding length. 
In this study, rounding length of all blocks is set for 0.035 m, which is the average 
measured rounding length of the collected tire samples.
$ Rounding Length
Block
Figure 4.3 Rounding length of a block.
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4.3.2 Block Representing EPS-Filled Tires
In UDEC, the input configuration of an EPS-tire stack appears in a cross-section. 
As shown in Figure 4.4, the width o f each block is the average diameter (0.617 m) of tires 
used in this study, and the thickness of each block is the average thickness (0.18 m) of the 
tires. The overlap length, l0, needs a specific attention because UDEC solves problem in 
two dimensions. Therefore, blocks appearing in UDEC are rectangular with one unit 
length in the dimension perpendicular to the plane o f the cross-section as seen in Figure 
4.5(a). In the reality, those blocks are circular as shown in Figure 4.5(b). If the spacing 
between EPS-filled tires in the laboratory tests were used in UDEC analyses, it would 
result in different compressive stress within the EPS-tire blocks. It is, therefore, necessary 
that the normal stresses in all EPS-filled tire blocks in UDEC analysis must be equivalent 





Figure 4.4 Cross-section of a stack of three EPS-filled tires.





Figure 4.5 Plan views of Figure 4.4: (a) in UDEC, (b) in laboratory tests.
From Figures 4.4, and 4.5, if compressive stress, a , is applied all over the EPS- 
filled tire on the top, compressive stress on a contact area of Figure 4.5(a), crcr, could be 
approximated from
where A r = area o f rectangular block
A cr = area o f contact between top rectangular EPS-tire unit and one supporting 
unit.
Similarly, compressive stress on a contact area o f figure 4.5(b), <rc2, could be
where A t = area o f circular EPS-filled tire
ACc2 = area of contact between circular EPS-filled tire and a supporting unit. 
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it D 2In two dimensional UDEC, Ar = D, Acr= lQ, and At = -------, hence,
/„ = ^  (4.4)
7Z U
Equation (4.4) is a general equation for finding overlap length for an average 
diameter o f EPS-tries, D. In this study, Acc2 = 0.1194 m2 (see Appendix A), therefore, l0
0.247 m.
4.3.3 EPS-Tire Block Properties 
Mass Density
Mass density o f EPS-filled tires of approximately 200 kg/m3 is used for mass 
density o f EPS-filled tire blocks in UDEC.
Deformability Properties
In this study, all deformable blocks are assumed isotropic material and deform 
within elastic range. Input parameters for UDEC are bulk modulus, K, and shear 
modulus, G. Both values could be calculated from elastic modulus, E, and Poisson’s 
ratio, v, using the following equations.
K  =     (4.5)




Elastic modulus of EPS-filled tires could be obtained from the experiments in 
Section 3 (Figure 3.16), and Poisson’s ratio of 0.05 could be presumed from that of EPS.
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4.3.4 Contact Properties
Contact properties are conventionally derived from laboratory testing. Those 
parameters include joint friction angle, cohesion, dilation angle, tensile strength, contact 
shear stiffness (ks), and contact normal stiffness (kn). The two latter properties may be 
approximated from K, G, and zone size. According to UDEC manual, the value of ks and 
kn should be kept smaller than ten times the equivalent stiffness o f the stiffest neighboring 
zone in the blocks adjoining the contact. In another words, they could be approximated 
by the following equation.
ks and k„ < 10 x max
v
K  + 4G /3  
min Az
(4.7)
Where min Az is the smallest width of the zone adjoining the contact in the 
normal direction.
In this study, it is presumed that cohesion, dilation, and tension do not exist in the 
EPS-filled tire system. Therefore, only friction angle, normal stiffness, and shear stiffness 
are required. In this study, friction angle o f EPS (25°) is used as the friction angle along 
contacts o f EPS-tires because most of the contacts occur between EPS portions. The 
shear and normal stiffness of the contacts are to be found in Section 4.4.
4.4 UDEC Simulation of EPS-Tire Stack Compression Tests
4.4.1 Purpose
The main purpose of this simulation is to verify the capability of UDEC for 
analysis o f EPS-tire embankment systems, and to use UDEC for the prediction o f larger 
EPS-tire system behavior later. In order to investigate the capability o f UDEC for this
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study, laboratory compression tests of EPS-filled tire stacks in Chapter 3 are used as the 
study models.
4.4.2 Models and Boundary Conditions
UDEC used in this study is an academic version, which is limited to only 296 
triangular finite difference zones in total. For example, if  the problem consists of 148 
identical blocks, the user must assign only two zones to each block.
In order to optimize the usage of UDEC, the systems o f EPS-filled tires are 
reduced to only half of the total configurations because the systems are symmetrical. 
Therefore, the boundary condition at the axis of symmetry is fixed in x-direction, and 
freed in y-direction as shown in Figure 4.6. Another boundary at the base o f the system is 






Figure 4.6 EPS-tire stack and its boundary condition in UDEC.
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4.4.3 Procedure
1. Construct EPS-tire stacks according to the boundary conditions indicated in 
Section 4.4.2.
2. Input material properties. The required material properties are mass density, bulk 
modulus, and shear modulus. Material properties o f EPS-tire blocks are as 
indicated in Section 4.3.3. However, it is essential to notice here that shear and 
bulk modulus of EPS-tires must be selected adaptively since the elastic modulus 
varies with the magnitude of initial static stress and applied stress as shown in 
Figure 3.16.
3. Apply compressive stress and let UDEC execute the input file.
4. Monitor deformation and stress distribution at selected points in the stacks.
4.4.4 Simulation o f Compression Tests on One EPS-Tire Units
As a result o f the block number limitation mentioned in Section 4.4.2, a model of 
half stack around the axis of symmetry is drawn for UDEC. The model consists of three 
blocks as shown in Figure 4.7. The largest block at the bottom acts as a rigid base 
(concrete floor). The block in the middle is an EPS-tire, and the smallest block on the top 
is a rigid loading plate. Under compression test, compressive stress is applied on the top 
of the loading plate while the bottom of the concrete base is assigned as a fixed condition.
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Figure 4.7 Configuration of compression test of single EPS-tire unit.
Figure 4.8 and 4.9 show boundary condition in x- and y-direction, respectively. 
‘F ’ indicates the fixed condition along the boundary o f the symmetrical axis, and the 
bottom of the basement block. Meanwhile, ‘S’ indicates stress applied along the 
boundary on the top of the loading plate.
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S - Stress (force)
B - Boundary Element 
V - Viscous 
F - Fixed velocity 
P - Pore pressure
Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
Figure 4.8 Fixed boundary in x-direction of single EPS-tire unit compression test.









S - Stress (force)
B - Boundary Element 
V - Viscous 
F - Fixed velocity 
P - Pore pressure
Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
Figure 4.9 Fixed boundary in y-direction of single EPS-tire unit compression test.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
Figure 4.10 demonstrates how UDEC assigns triangular finite difference zones in 
all three blocks. The zones could be smaller, and thus, yield a finer result. However, as 
previously discussed, the academic version of UDEC limits the allowable number of 
blocks and zones. Thus, the zone size in this figure is used throughout the study. The 
comparison study showed that this zone size provided a reasonable result.







zones in fdef blocks
_ -.150
Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA _T_
.050
—r
.150 .250 .350 .450
Figure 4.10 Finite different zones in discrete blocks.
Material properties of EPS-tire blocks are as discussed in Section 4.3.3. For the 
rigid basement block, material properties o f concrete are assigned. Meanwhile, for 
loading plate, idealized material properties are assigned, which are high values for G and 
K, and a very low value for density in order to eliminate the undesirable deformation due
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to the weight o f the plate. For joint or contact properties between blocks, the required 
properties o f kn and ks are approximated by using Equation 4.7. All input material 
properties are summarized in Table 4.1.
Table 4.1 Material properties used in UDEC input files for simulation of 
compression tests.
Material Properties
Block Density (kg/m3) Bulk Modulus, K Shear Modulus, G
(Pa) (Pa)
- EPS-tires 200 * *
- Loading plate 10 4.0xl09 4.3xl09
- Concrete base 2400 1.2xl010 1.3xlOi0
Contact Properties
Contact (Joint) Friction Angle Contact Normal Contact Shear
(degree) Stiffness, kn Stiffness, ks
(Pa/m) (Pa/m)
- EPS-tire to loading plate 25 lx lO 10** lx lO 10 **
- EPS-tire to concrete base 25 lx lO 10 ** lx lO 10**
Note: * Stress dependent values obtained from Figure 3.16 and Equations 4.5 and 4.6. 
** Initially assigned values.
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Result o f Simulation of One-Layered Stack Test
After UDEC executes an input file (see examples in Appendix B), stress at 
centroids o f finite different zones within each block can be observed as a stress plot 
shown in Figure 4.11. From this plot, the actual stresses are read and the new value of K  
and G are computed based on the stress-dependent E in Figure 3.15 and Equations 4.5, 
and 4.6. Finally, deformations of blocks are observed by a plot in Figure 4.12. During the 
execution by UDEC, deformation of a selected point can be tracked by a history plot of 
deformation as shown in Figure 4.13. The end o f the graph is the final result of the 
execution when all forces in the system are balanced.





time 7.651 E-02 sec
block plot 
principal stresses





Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
.050 .150 .350 .450
Figure 4.11 Stress at centroids of zones in discrete blocks.
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Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
Figure 4.12 Plot of displacement vectors of discrete blocks.
JOB TITLE : HEAD>EPS-TIRE STACK WITH ONE LAYER at 5.64 kPa
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.00 1.00 200 3.00 4.00
x10e-02
5.00 6.00 7.00 8.00Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
Figure 4.13 History plot of displacement in y-direction at loading plate.
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It is more accurate to read the deformation of a selected point from the history 
plot (Figure 4.13) than the block-displacement plot (Figure 4.12). Table 4.2.compares the 
results from displacement history plot by UDEC simulation with three experimental 
compression tests of single EPS-tire unit, under different compressive stress magnitude.
Table 4.2 Comparison of UDEC simulation and experimental compression tests.
Compressive stress 
(kPa)
Experim ental Deform ation 
(mm)










The result in Table 4.2 demonstrates that UDEC is capable for simulation of 
compression tests o f a single EPS-tire unit. For a better comparison, these values will be 
seen later in Figure 4.19 along with other results from compression tests of multiple EPS- 
tire units.
Sensitivity o f  Contact Normal Stiffness (kJ
One important observation from this simulation is that the normal stiffness o f the 
contact (k„) affects the accuracy o f the simulation significantly. Figure 4.14 demonstrates 
how important of kn is to the simulation result.
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Figure 4.14 shows that value o f k„ within a certain range o f numbers given by 
Equation 4.7, approximately lx lO 12 Pa, is good for the simulation. Smaller kn values, 
such as lx l0 8 Pa/m, do not give reasonable results. On the other hand, if  k„ is too high, 
UDEC will take more cycles to converge. This is described in UDEC manual (Itasca 
Consulting Group Inc., 1996). Accordingly, k„ value of contacts between EPS-tire and 
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Figure 4.14 Effect of contact normal stiffness to the deformation of EPS-tire stacks.
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Meanwhile, it is found that the changes of shear stiffness of the contact (ks) have 
little effect on the simulation result.
4.4.5 Simulation o f Compression Tests on Multi-Lavered EPS-Tire Stacks
Stacks of multi-layers of EPS-tire units were also simulated with the same 
principles as simulation o f compression tests of one EPS-tire unit. The configurations of 
these stacks in UDEC are shown in Figures 4.15, 4.16, 4.17, and 4.18.








mat 111 21 31 41 
mat 2 12 22 32 42 
mat 3 13 23 33 43 
mat 414 24 34 44 
mat 515 25 35 45 
mat 616 26 36 46 
mat 717 27 37 47 . 
mat 818 28 38 48 
mat 919 29 39 49 
mat 10 20 30 40 50









Figure 4.15 Configuration of compression test on two-layered EPS-tire stack.
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Figure 4.16 Configuration of compression test on three-layered EPS-tire stack.
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Figure 4.17 Configuration of compression test on four-layered EPS-tire stack.
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Figure 4.18 Configuration of compression test on five-layered EPS-tire stack.
Simulation Results o f  Multiple Lavers o f Stacks
UDEC simulations for stacks of multiple layers need contact normal and shear 
stiffness between adjacent EPS-tire units, which are different from those between EPS- 
tires and the rigid boundaries. As mentioned in Section 4.4.4, kn for contacts between 
EPS-tire units and loading plate, and between EPS-tire unit and concrete base is set to be 
lxlO 10 Pa/m.
Based on EPS-tires’ elastic modulus and Poisson’s ratio, and the zone width 
generated by UDEC, Equation 4.7 gives kn and ks values o f 1.4x108 Pa/m. These numbers 
give satisfactory deformation in comparison with the experimental data. However, for
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convenience, when used in UDEC input files the value o f kn and ks are selected as lxlO 8 
Pa/m, which give very small different results from using 1.4xl08 Pa/m.
Figure 4.19 shows the results from the laboratory experiments and UDEC 
analyses with kn (EPS-tire-to-EPS-tire) of 1 x 108 Pa/m, and kn (EPS-tire-to-rigid 









0 1 2 3 4 5 6
Layers of EPS-Tires
♦  Stack test under compressive 
stress 17.29 kPa
O UDEC result under compressive 
stress 17.29 kRa
■ Stack test under compressive 
stress 11.47 kRa
□ UDEC result under compressive 
stress 11.47 kRa
▲ Stack test under compressive 
stress 5.64 kRa
A UDEC result under compressive 
stress 5.64 kRa
Figure 4.19 Deformations of EPS-tire stacks from experiments and UDEC 
simulation.
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CHAPTER 5 
DESIGNING PAVEMENTS ON EPS-TIRE EMBANKMENTS
5.1 Selection of Pavement Design Method
There have been several approaches for pavement design proposed by different 
agencies as reviewed by Rodriguez et al. (1988), and Huang (1993). Each design depends 
on several material properties and different testing methods. In this study, the most 
reasonable method for the EPS-tire system will be chosen.
As per the current design of pavements on EPS embankments described in 
Chapters 2 and 3, concrete pavements were used in order to provide a good stress 
distribution from the traffic. Therefore, it is expectable that concrete pavement would be 
the preferable design method on EPS-tire system, which is softer than pure EPS.
In this study, EPS-filled tire embankment is considered as subgrade for pavement 
system. Huang (1993) indicated that both design methods of rigid pavements by 
American Association of State Highway and Transportation Officials (AASHTO), and 
Portland Cement Association (PCA) are relying on k-value (modulus o f subgrade 
reaction). However, the recent design versions by both AASHTO and PCA have adapted 
some factors influenced by weather and ground water, which should not be the case for 
EPS-tire embankments. As previously mentioned in Chapter 2, material properties of 
EPS were not significantly affected by temperature and moisture. The PCA’s 1966 
version for rigid pavement design as appears in Rodiguez et al. (1988) is reasonable for 
this study. For instance, a proposed design method of highway embankments on tire
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chips by Bosscher et al. (1997) was also based on this method. The procedure for this 
method could be summarized as following.
1. Obtain modulus of subgrade reaction, k-value (kg) from plate load test by 
either repetitive static plate loading test (ASTM D1195-93) or non-repetitive 
static plate loading test (ASTM D 1196-93) on subgrade as seen in Figure 5.1.
Fixed Beam
Hydraulic Jack Set of Loading Plates
Subgrade 3 Dial Gage (180° apart) 
Fixed to the Beam
Figure 5.1 Plate load test on subgrade.
2. There may be a layer of gravel sub-base on top of the subgrade. Select a 
thickness of sub-base and estimate k-value on top of sub-base (kb) by using 
Figure 5.2 for non-stabilized sub-base, or Figure 5.3 for cement-stabilized 
sub-base.


























Sub-base thickness, in 











0 5 10 15 20 25 30
Sub-base thickness, cm
Figure 5.2 Graph for estimating k-value on top of non-stabilized sub-base 
(ikb), once k-value on top of subgrade (kg) is known (after Rodriguez et al., 
1988).
kg, modulus of reaction on top of subgrade











































I I . I
8 . 4 -
Sub-base thickness, in. 

























kg, modulus of reaction on top o f subgrade
£  2 . a 100








Figure 5.3 Graph for estimating k-value on top of stabilized sub-base (kb), 
once k-value on top of subgrade (ks) is known (after Rodriguez et al., 1988).
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3. Work on Table 5.1. This is the process o f trial for concrete slab thickness. The 
following are three parameters, which must be known or given.
3.1 Traffic volume and its axle load, both single axles and tandem axles.
3.2 Modulus of rupture (M r)  of Portland cement concrete used for the 
pavement slab.
3.3 Factor o f safety (Fs).
Table 5.1 Modified trial worksheet for concrete slab thickness by PCA’s 1966 rigid 
pavement design (after Rodriguez et al., 1988).



















Column 1; given axle load for single and tandem axle.
Column 2; given axle load in column 1 multiplied by factor of safety.
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Column 3; by assuming a trial thickness for pavement slab with a know kb, 
bending stress acting on the slab could be found from Figure 5.4 for single axle, 
and from Figure 5.5 for tandem axle.
Column 4; stress ratio Rt = oj, / M r
Column 5; allowable repetition for any value o f R,, from Table 5.2.
Column 6; expected repetition of axles from the given traffic volume.
Column 7; percentage of ratio of column 6 to column 5.
Sum = summation of values in column 7.
Ideally, the sum of percentage in column 7 is 100%. However, according to 
Rodriguez et al. (1988), PCA allowed as much as 125%. The sum is normally subject to 
several trials until reaching a desired value by increasing or decreasing the trial pavement 
slab thickness, and restarting the worksheet again.
Table 5.2 PCA’s allowable repetition of traffic axles for each stress ratio Rtused for 









0.51 400,000 0.61 24,000 0.71 1,500 0.81 90
0.52 300,000 0.62 18,000 0.72 1,100 0.82 70
0.53 240,000 0.63 14,000 0.73 850 0.83 50
0.54 180,000 0.64 11,000 0.74 650 0.84 40
0.55 130,000 0.65 8,000 0.75 490 0.85 30
0.56 100,000 0.66 6,000 0.76 360
0.57 75,000 0.67 4,500 0.77 270
0.58 57,000 0.68 3,500 0.78 210
0.59 42,000 0.69 2,500 0.79 160
0.60 32,000 0.70 2,000 0.80 120








kb , K g/cm 3  2 .8
(20) (30)  (40)
S i n g l e - a x l e  l o a d , Ton. ( K i p * )
Figure 5.4 PCA’s design graph for single axle loads (after Rodriguez et al., 1988).
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Figure 5.5 PCA’s design graph for tandem axle loads (after Rodriguez et al., 1988).
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5.2 Modulus of Reaction on Top of Subgrade Soil Covering EPS-Tire 
Embankments
5.2.1 Background,
In this study, the proposed embankment for a highway consists of layers of 
stacked EPS-filled tires covered by a geomembrane sheet, and a layer o f 0.3-m thick 
covering soil on the top. Therefore, to obtain k-value, plate load test is to be performed 






Figure 5.6 Configuration of plate load test on EPS-filled tire embankment.
AASHTO (1998) suggests that modulus o f subgrade reaction can be determined 
from either one o f two types of plate bearing tests. One is repetitive static plate loading 
test (AASHTO T221, ASTM D 1195-93), another one is non-repetitive plate loading test 
(AASHTO T222, ASTM D 1196-93). In the repetitive test, k-value is determined from the 
ratio o f the load to its corresponding recoverable elastic deformation at the tenth cycle
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(Rodriguez et al., 1988). On the other hand, the load-deformation ratio at the deformation 
o f 1.25 mm (0.05 in.) is used to determine the k-value in the non-repetitive test. For EPS- 
tires, the repetitive test should be more suitable because EPS-filled tires tend to be 
stabilized after a series o f load repetition.
The value of subgrade modulus of reaction, kg can be determined by the following 
equation.
K  -  j r  <5 1 >° V
where q = average compressive stress applied on rigid plate,
Sv = vertical deflection at the center o f rigid plate due to the applied load.
In practice, plate load tests are performed in-situ on constructed embankments. 
However, due to the limited amount of EPS-tires, this study employed a numerical 
modeling to find kg instead. Numerical analysis programs available in this research are 
UDEC and KENLAYER. UDEC, as described in the previous chapter, is a computer 
program solving problems with discrete or continuous systems by employing the distinct 
element method. However, this program is a two dimensional solver, therefore, when a 
configuration such as shown in Figure 5.6 is set up for UDEC, the load applied on the 
embankment will be a strip load instead of the desired circular load. Another program, 
KENLAYER, is capable to analyze deformation, stress, and strain in layered pavement 
structures using the finite element method based on layered theory (Huang, 1993). This 
program analyzes deformation, stress, and strain under circular load as desired but the 
embankment material must be continuous, which is not the case in this study.
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In order to obtain the desired solution, an indirect method is considered. This 
method is based on the assumption that, for a loading plate under the applied load, the 
ratio of vertical deflection due to circular load to the vertical deflection due to strip load
in a discrete system should be the same as the ratio o f those deflections in a continuous
system. This assumption is formulated as the following equation.
J , n 8  , r_ v 3 £ .  =  _ v 3 C _
^ v 2  D  8 v2  c
where Sv3D = vertical deflection of plate on discrete system under circular load,
Sv2D = vertical deflection of plate on discrete system under strip load,
8 v3c = vertical deflection of plate on continuous system under circular load,
8 v2c = vertical deflection of plate on continuous system under strip load.
In this study, Sv2D and Sv2C are obtained by UDEC simulations, while Sv3C is solved 
by using KENLAYER, and thus dv3D can be computed from Equation 5.2. Figures 5.7 




Figure 5.7 Circular plate on system of discrete EPS-tires covered by subgrade soil.




Figure 5.8 Strip load on system of discrete EPS-tires covered by subgrade soil.
Covering Subgrade Soil Geomembrane>3C
Continuous Layers of Equivalent Material Properties to EPS-Tire Stack
Figure 5.9 Circular plate on system of continuous embankment material.
<1
Covering Subgrade Soil Geomembrane>2C
Continuous Layers of Equivalent Material Properties to EPS-Tire Stack
Figure 5.10 Strip load on system of continuous embankment material.
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In all the cases, the geomembrane effect is ignored since it is so thin and flexible, 
and thus it has little effect on stiffness computation. Interaction between the sandwiched 
geomembrane to its neighboring layers is assumed to be the one between EPS-tires and 
subgrade soil. Detail of geomembrane design will be discussed later.
5.2.2 Model o f  Circular Plate Load Test on Discrete System o f EPS-Tires
This is the model that is needed in designing pavement system using EPS-fdled 
tires. The configuration of this model is shown in Figure 5.7. With the load being applied 
on a circular plate o f diameter 0.762 m (ASTM D 1195-93, ASTM D 1196-93), it is 
considered as a three-dimension model with discrete blocks o f EPS-tires. UDEC, which 
is a two-dimensional program, could not be used for this problem. Therefore, an indirect 
method is used.
5.2.3 Model o f  Strip Load Test on Discrete System o f EPS-Tires
The configuration of this model is shown in Figure 5.8. By using UDEC,<!y2D will 
be computed from this model. Multiple layers of EPS-tire embankment systems with 
covering soil and loading plate are configured around their vertical axis o f symmetry, 
which is the dividing line at the middle of a highway. Figures 5.11 and 5.12 demonstrate 
a system of five EPS-tire layers with boundary condition in x- and y-directions, 
respectively. The system is fixed from moving in x-direction along the axis of symmetry. 
It is also fixed from moving in y-direction at the base o f the system.











S  - S t r e s s  (force)
B - Boundary Element 
V - Viscous 
F - Fixed velocity 
P - Pore pressure
Itasca Consulting Group, Inc. 














S - Stress (force)
B - Boundary Element 
V - Viscous 
F - Fixed velocity 
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Figure 5.12 Embankment of EPS-tires with covering sand and its y-boundary.
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Procedure
First, UDEC was set to run for a deformation due to gravity. An example of a 
history plot o f deflection at the loading plate is shown in Figure 5.13. A plot o f stresses in 
all blocks is as shown in Figure 5.14.
JOB TITLE :


















.00 .40 .80 1.20 1.60 2.00 2.40 2.80Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
x10e-01
Figure 5.13 Plot of displacement history at loading plate due to gravity.
Stresses in EPS-tire blocks obtained from Figure 5.14 were set to be initial 
stresses. With the anticipated stresses within each block under 10-kPa compressive stress 
on the loading strip, new elastic modulus was assigned from Figure 3.16. These new 
elastic modulus were then transformed into shear and bulk modulus for next input data.
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minimum = -1.222E+04 
maximum = 3.414E+03
0 5E 4
Itasca Consulting Group, Inc. 
Minneapolis, Minnesota USA
Figure 5.14 Plot of stresses in blocks due to gravity.
Next, compressive stress o f 10 kPa is applied through a loading plate o f 0.76 m width on 
the top of the system, at the symmetrical axis. Another plot of stresses in all blocks are 
obtained as shown in Figure 5.15. If these stresses are different from the ones in the 
previous stage, new elastic modulus must be assigned for the next round of UDEC 
execution. The re-assigning of elastic modulus is repeated until the resulting stresses are 
about the same as they were predicted. Finally, a plot of deflection of the loading plate is 
obtained as shown in Figure 5.16. However, this plot must be subtracted by the deflection 
due to the gravity (Figure 5.13) to obtain 5v2D.
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Figure 5.15 Plot of stresses in blocks under compressive stress of 10 kPa.
















.00 .50 1.00 1.50 2 .00  2 .50  3 .00  3 .50  4.00 4.50
x10e-01Itasca  Consulting Group, Inc. 
M inneapolis, M innesota USA
Figure 5.16 Plot of displacement history of loading plate under compressive stress of 
10 kPa.
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For these UDEC analyses, subgrade soil, which could be any type of soil from 
clay to sand, is used for the covering materials on top o f EPS-tire embankment in this 
study. Properties o f subgrade soil used in this study are the average of silty sand, which is 
mostly used in practice. Input parameters such as bulk modulus and shear modulus of 
EPS-tire units are the same as used in the section of the EPS-tire stack simulation. Bulk 
modulus and shear modulus of subgrade soil are converted from elastic modulus and 
Poisson’s ratio as suggested by Huang (1993) by using Equations 4.5 and 4.6. Table 5.3 
lists the material properties involving subgrade soil.
Table 5.3 Material properties of covering materials on top of EPS-tire embankment.
Material Properties
Block Density (kg/m3) Shear Modulus, G 
(Pa)
Bulk Modulus, K  
(Pa)
- Subgrade Soil 1800 1.23xl07 5.75xl07
Contact Properties
Contact Friction Angle Shear Stiffness, ks Normal Stiffness, kg
(degree) (Pa/m) (Pa/m)
- Subgrade Soil to 
Loading Plate
25 lx lO 10 lx lO 10
- Subgrade Soil to EPS- 
Tire Units
25 lx lO 10 lx lO 10
The computed results were limited to 11 layers of EPS-tires due to the limited 
amount of blocks for the available version of UDEC.
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5.2.4 Model o f  Circular Plate Load Test on Continuous System, o f  EPS-Tires
q Circular Plate
Subgrade Soil
Continua of EPS-Tire Mass Equivalent
Original Soil
Figure 5.17 Model of three-layer system.
The model to calculate consists of three layers as shown in Figure 5.17. The 
top layer is subgrade soil, and the second layer is continuous material with properties 
equivalent to EPS-tire mass. The third layer is original soil with indefinite depth.
KENLAYER program solves the problem by using finite element method based 
on layered theory (Huang, 1993). This model assumes that all the interfaces between the 
adjacent layers are fully bonded. The embankment is large in comparison with the 
loading plate so that it could be considered as an elastic half-space problem.
Input data for this model includes depth, elastic modulus, and Poisson’s ratio of 
each layer as well as the diameter of the loading plate and the applied compressive stress.
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The depth of the bottom soil layer is automatically indefinite by default, and the depth of 
EPS-tire equivalent layer is the variable in the analysis. Elastic modulus and Poisson’s 
ratio are the same values as will be used in Section 5.2.5.
The layer o f EPS-tire equivalent is divided into several sub-layers in order to 
corporate with different modulus of elasticity due to different initial stress.
5.2.5 Model o f  Strip Load Test on Continuous System o f EPS-Tires
As shown in Figure 5.18, the UDEC model to calculate <5̂ c consists of a layer of 
material with properties equivalent to a stack of EPS-tires. The equivalent properties are 
found by applying a compression test on layers of EPS-tires by using UDEC as shown in 
Figure 5.19. All other material properties are the same as those o f the model in Section 
5.2.3.
JO B  TITLE :
UDEC (V ersion  3.00)
LEGEND
2 9-O ct-02  18:11 
cyc le  12470 
tim e 2 .807E -01  s e c
Continuous EPS-Tire Massblock plot 
principal s t r e s s e s
m inim um  = -3 .5 1 7 E + 0 4  
m axim um  = 1 .727E + 04
2 E  5
I ta sc a  C onsu lting  G roup, Inc. 
M inneapolis, M in n eso ta  USA
Figure 5.18 Configuration of continuous model in UDEC analysis.
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M inneapolis, M inneso ta  USA
\ / \ / \  / \ 
± 1  * + -v 1 a- 1 , S  \T
n n
Figure 5.19 Compression test of EPS-tire mass.
In Figure 5.19, the EPS-tires are considered as a mass o f continua being 
compressed between two large rigid plates. Using material properties for all those blocks 
as used in the stack simulation in Chapter 4, elastic modulus o f EPS-tire mass, Em could 
be obtained from the basic stress-strain relationship:
'  (5 7 o  ( 5 ' 3 )
Where a  = applied compressive stress 
8 = deformation of EPS-tire mass 
t = height of EPS-tire mass.
Result of elastic modulus Em from UDEC simulation is shown in Figure 5.20.
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□  Dynamic Stress 10 kRa 
A Dynamic Stress 5 kRa
Figure 5.20 Modulus of Elasticity of EPS-Tire Mass.
Poisson’s ratio of EPS-tire mass is assumed to be 0.05, the same value of 
individual EPS-tire.
5.2.6 Result o f  Plate Load Test Simulations and Modulus o f Reaction on Top o f Subgrade 
Figure 5.21 shows plots o f deflection of the loading plate under 10-kPa load; three 
numerical simulations (8 v2d, Sv3D, and SV2c) and one computed, SV3d by Equation 5.2. 
Simulations by UDEC for discrete systems of strip load test are limited to 11 layers or 
1.98 m of embankment height due to the limited amount o f blocks allowed by the 
program. Meanwhile, the result by KENLAYER on the plate load test on a continuous 
system is not limited by the height o f the embankment. Therefore, the result of circular 
plate load test on discrete system is limited to 1.98 m according to the corresponding 
results from UDEC analyses. In Figure 5.21, as could be expected, strip load yields 
higher deflection. The deflection is even higher when the embankment is formed by 
discrete system.











0 2 4 6 8 10
Height o f EPS-Tire Embankment, m
□  2-D Discrete System by UDEC
■  2-D Continuous System by 
UDEC
A  3-D Computed Discrete System
▲ 3-D Continuous System by 
KENLAYER
Figure 5.21 Result of Plate Load Test Simulations.
Figure 5.22 shows plots of modulus o f reaction on top o f subgrade soil (kg) on the 
discrete system and continuous system by applying the corresponding deflections in 
Figure 5.21 to Equation 5.1. Note that the kg values of the discrete system beyond 1.98 m 
high were estimated based on similar tendency from the data o f the continuous system. 
The desired curve for designing of pavement structures is the one o f the discrete system. 
Another curve, which belongs to the circular plate load test on continuous system, is 
plotted for comparison purpose. From Figure 5.22, plate load test on discrete system 
yields lower kg than the test on continuous system does. This can be explained by a 
comparison plot of vertical stresses at various depths under the center o f loading plate 
with 10 kPa load in Figure 5.23. Stresses in the discrete system under the loading plate 
are higher than those in the continuous system, thus the discrete system yields slightly 
higher deflection.
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Figure 5.23 Vertical stresses under the center of loading plate in continuous system 
and discrete system.
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5.2.7 Modulus o f  Reaction on Top o f Subbase (kh) on EPS-Tire Embankment
For convenience in designing of pavement structures on an embankment of EPS- 
tires, graphs for estimating kb on two sub-base materials: non-stabilized aggregate; and 
stabilized aggregate are plotted in Figures 5.24 and 5.25, respectively. The kb values in 
these two figures are estimated from Figures 5.2 and 5.3 with kg values read from the 
discrete system analyzes in Figure 5.22. Figures 5.24 and 5.25 can be used in lieu of 
Figures 5.2 and 5.3, respectively. Once the designer knows the height o f the EPS-tire fill, 
kb value can be directly interpolated from either graph depending on the chosen thickness 
o f aggregate sub-base and whether or not the sub-base is stabilized. Note that there must 
be a 0.30-m layer of covering subgrade soil between the EPS-tire and the sub-base. The 
use of these two graphs shortens the design procedure by eliminating the need of kg value.








i i= 1 .0 m
h > 2.0 m
0.5
h = Height o f EPS-Tire Embankment
0 105 15 20 25 30
Sub-base Thickness, cm
Figure 5.24 Graph for estimating kb on non-stabilized sub-base on EPS-tire 
embankment.
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Figure 5.25 Graph for estimating kb on stabilized sub-base on EPS-tire 
embankment.
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5.3 Design Example
In this section, a design example of pavement structure with EPS-filled tires is 
demonstrated based on the following traffic volume, which is typical for rural area.
- Single axle load Passes
15 Metric Tons 24,000
12 Metric Tons 40,000
10 Metric Tons 100,000
- Tandem axle load Passes
25 Metric Tons 5,000
22 Metric Tons 8,000
20 Metric Tons 56,000
To serve the anticipated traffic, two-lane pavement is to be constructed on each 
traveling direction. The highway is planned to cross an area o f soft ground. A two-meter 
high embankment o f EPS-tires is chosen to support the pavement system as shown in 
Figure 5.26. With a covering subgrade soil of 0.3 m thick, kb value can be read out from 
Figures 5.24 or 5.25 based on the selected material and thickness o f the sub-base layer. If 
non-stabilized aggregate o f 0.25 m thick is used, kb value can be found asl .42 kg/cm3 
from Figure 5.24. Using this kb value along with Table 5.2, Figures 5.4 and 5.5, the result 
of the trial worksheet is obtained as shown in Table 5.4.
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Non-Stabilized Gravel Sub-BaseConcrete Pavement
Geomembrane Subgrade Soil
Original Soft Ground
Figure 5.26 Typical cross section of the example highway.















15 18 29 0.585 57000 25000 43.86
12 14.4 23.8 0.480 Unlimited 40000 0
10 12 20.5 0.413 Unlimited 100000 0
Tandem Axle
25 30 31.8 0.641 11000 5000 45.45
22 26.4 27.6 0.556 100000 8000 8.00
20 24 26 0.524 300000 50000 16.67
Total 113.98
* Factor o f safety = 1 .2
** Assuming concrete modulus o f rupture = 49.6 kg/cm2
Table 5.4 is the result of a trial with the thickness o f 0.25 m of concrete pavement. 
This thickness gives an ideal value of total percentage capacity, which is between 100- 
120% as discussed in Section 5.1. The main goal o f this research is to determine the 
values of kg and kb to design the appropriate pavement thickness. Following the 
guidelines in commonly available pavement design manuals can inform other design 
aspects.
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5.4 Design Consideration
5.4.1 Required Bearing Capacity o f Original Ground
Though EPS-tires are lightweight, there still exists a limited stress condition for 
the original ground base supporting the embankment. The stresses transmitted through 
the ground include stress from the weight of the embankment system and traffic.
Traffic-Induced Vertical Stresses
Traffic-induced stresses on the ground can be obtained by using UDEC. The 
wheel loads from vehicles can be replaced with the strip loads by applying the following 
model. In the worst scenario, a highway may have to carry multi-axle vehicles with 100 
kN axle load on all traffic lanes. The layout of the wheels of those vehicles maybe plotted 
as shown in Figure 5.27 (Huang, 1993). In Figure 5.27, each axle has a load of 100 kN or 
25 kN per each wheel. By assuming that those axles are spaced continuously along the 
traveling direction, the wheel loads in Figure 5.27 may be replaced by strip loads of 68.3 
kPa as shown in Figure 5.28.




0.6 m 1.83 m
Wheel load 25 kN each
Figure 5.27 Layout of wheels on multiple axle truck.
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0.6  m 1.10-1.33 m 0.6  m
Figure 5.28 Plan view of strip loads replacing wheel loads in Figure 5.27.
By using UDEC, traffic-induced vertical stresses at the top o f soft ground level 
supporting two different embankment systems are analyzed. One system is concrete 
pavement on subgrade soil embankment, and the other is concrete pavement on EPS-tire 
embankment. The pavement on of both systems is based on the design example in the 
previous section. Figures 5.29 and 5.30 illustrate UDEC configurations o f those systems, 
respectively. The result o f the analysis o f both embankment systems with three different 
total heights is shown in Figure 5.31.
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Figure 5.29 Stresses under traffic load on discrete system of EPS-tires by UDEC.
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Figure 5.30 Stresses under traffic load on continuous system of soil by UDEC.
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Figure 5.31 shows the traffic-induced vertical stresses on the soft ground surface 
from UDEC analyses. Note that the stresses plotted in this figure are actually slightly 
below the soft ground surface because UDEC detects stress at the centroid of finite zones, 
which are not at the surface level. The curves o f EPS-tire systems seen in this figure are 
not smooth probably due to the fact that some o f the defined points were located under 
the space between EPS-tire units while the other points were right under the EPS-tires. 
The plot shows that near the centerline, the traffic-induced vertical stresses under discrete 
EPS-tire system are approximately 70-80 % of those under continuous subgrade soil.
This implies that EPS-tire systems have a mechanism that spreads stresses over the wider 
area under the loading. In contrast, the stresses induced by traffic under EPS-tire systems 







68.3 kPa 68.3 kPa Concrete Pavement




0.5 1 1.5 2 2.5
Distance from  Center Line, m
—A — EPS-Tire, Total 
Height 1.34 m




—A — Subgrade Soil, Total 
Height 1.34 m
■  Subgrade Soil, Total 
Height 1.88  m
•  Subgrade Soil, Total 
Height 2.42 m
Figure 5.31 Traffic-induced vertical stress at soft ground surface under subgrade 
soil embankment and EPS-tire embankment.
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To investigate the required bearing capacity for the soft ground to support the 
embankment system, the analysis must be extended to higher embankments such as a 6 - 
meter high bridge approach. However, the available student version does not allow an 
analysis o f many EPS-tire blocks forming that high embankment. Therefore, an 
equivalent continuous EPS-tire mass as used in Section 5.2.5 is used in lieu o f the 
discrete EPS-tire blocks. The result from UDEC in Figure 5.32 shows that the traffic- 
induced vertical stresses under both systems (up to 9 layers or 2.42 m in total height) are 
not much different. The highest vertical stresses occur under the left wheel load (0.3-0.9 
m from center line) for both systems. Therefore, the equivalent mass system may be used 












0 21 3 4
Distance from  Center Line, m
A Discrete EPS-Tires, 3 Layers
—A — EPS-Tire Mass, 3-Layer 
Equivalent
—ID Discrete EPS-Tires, 6  Layers
— EPS-Ti re Mass, 6 -Layer 
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__0 _ Discrete EPS-Tires, 9 Layers
— ■ EPS-Tire Mass, 9-Layer 
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Figure 5.32 Traffic-induced vertical stresses on top of soft ground under discrete 
EPS-tire system and continuous EPS-tire equivalent mass.
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By running UDEC to analyze the traffic load on pavement over subgrade soil 
embankment and EPS-tire embankment of various heights, the maximum traffic-induced 
























Total Height of Bnbankment, m
•  Subgrade Soil Bnbankment
□  Discrete EPS-Tire Bnbankment
▲ Bnbankment of Continuous EPS-Tire 
Equivalent Mass
Figure 5.33 Maximum traffic-induced vertical stress on soft ground surface under 
subgrade soil embankment and EPS-tire embankment.
Vertical Stress Due to Embankment Weight
Maximum vertical stress from embankment weight can be obtained from volume 
and unit weight of each material forming the embankment as shown in Table 5.5. This 
analysis o f maximum vertical stress is based on pavement structure from the design 
example in the previous section.
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Table 5.5 Density of materials for embankment and pavement structures.
Material Density (kg/m3) Thickness (m)
Concrete 2400 0.25
Aggregate 2000 0.25
Subgrade soil 1800 0.30
EPS-tire 200 Vary
Total Maximum Vertical Stress and Required Bearing Capacity o f  Soft Ground
By combining traffic-induced maximum vertical stresses and stresses from the 
weight o f embankments o f various heights, a graph o f total maximum vertical stresses 







Total Height of Embankment, m
Figure 5.34 Maximum vertical stress due to traffic and surcharge load on soft 
ground surface.
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Figure 5.34 clearly demonstrates an advantage o f EPS-tire embankments over soil 
embankments. For instance, for an embankment of 3 meters high, the required bearing 
capacity o f the original ground for EPS-tire system is approximately one-third of a soil 
embankment system. In the design process, a factor o f safety can be added to determine 
the required minimum bearing capacity o f the soft ground. Bearing capacity evaluation of 
soils can be found in most Soil Mechanics and/or Foundation Engineering books.
5.4.2 Desisnins o f  Geomembrane
As discussed in early chapter, EPS can be dissolved by gasoline, which might 
leak through cracks in the overlaying pavement structure. Putting a geomembrane sheet 
on top of EPS-tires could solve this problem. Furthermore, the use o f geomembrane 
could help in solving two more potential problems of EPS-tire system. These are 
problems o f buoyancy, when an EPS-tire system is flooded, and tensile stress at the 
bottom of subgrade layer.
Designing aeainst Flood
EPS-tire embankments are likely to be built to solve the problem of soft ground, 
which might be located in an area prone to flooding. Designers o f EPS-tire systems must 
be careful with this condition. Drainage of storm water must be well designed around the 
systems. However, if  adequate drainage is not possible, EPS-tire embankment must be 
anchored to the ground. In the worst case, when water level is above the road 
embankment, uplift force due to buoyancy on EPS-tires must be calculated as the weight 
of water with the volume o f the embankment. Resistant force is the submerged weight of
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the whole embankment without any traffic. Figure 5.35 shows approximated uplift and 
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Figure 5.35 Uplift force due to flood and resistant force from surcharge weight.
The plot in Figure 5.35 is based on the pavement structure o f 0.25-m concrete, 
0.25-m aggregate base, and 0.30-m subgrade soil on top o f EPS-tires. Each traffic lane is
3.3 m wide, and a shoulder of 1.0 m wide on each side o f the embankment. Slope o f the 
embankment is approximately 1:2. The buoyancy force shown in the figure is for a road 
section o f one meter long. The embankment is totally submerged.
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The figure shows that for an embankment height below 1.5 m, anchoring is not 
necessary since the surcharge weight is more than the uplift force. Beyond the height of
1.5 m, buoyancy increases drastically. All types o f geomembranes, with a maximum 
tensile strength ranges between 7,600 -  54,500 kPa (Koemer, 1998) and thickness of only
0.75 - 1.5 mm, are not capable to carry the buoyancy alone. Other methods must be 
applied such as stretching high strength slings over the covering geomembrane and 
anchoring both ends of the slings to the ground such as shown in Figure 5.36. These 
slings must be placed at a proper spacing. The submerged weight o f the embankment plus 







Figure 5.36 Sketch of buoyancy resistant system.
Designing against Tension at the Bottom o f Subgrade Laver
It is well known that subgrade soils and gravels can carry only small amount of 
tension. Therefore, investigation of tensile stress within subgrade and sub-base layers is 
necessary. According to Figure 5.29 in the previous section, no significant amount of 
tension within the subgrade or sub-base layers of the pavement system can be observed
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during the traffic service. However, under traffic loads during construction time when 
there is only subgrade layer on the EPS-tire embankment, a significant amount o f tensile 
stress could occur at some locations at the lower parts o f subgrade layer as an example 
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Figure 5.37 Plot of stresses during a construction stage.
Figure 5.38 shows horizontal stresses at the lower part o f subgrade layer along the 
cross section of the embankment. The plot is obtained by UDEC analyses of the system 
in Figure 5.37 with 1, 4, 8 , and 11 layers o f EPS-tires. The maximum tensile stress occurs 
at the distance 2.1  m from the symmetry line, which is under the right wheel o f the 
traffic.
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Figure 5.38 Horizontal stresses at lower part of subgrade along the cross section.
To further investigate the possible maximum tensile stress in the lower part of the 
subgrade at the distance of 2.1 m from the centerline, the system in Figure 5.37 with 1 to 
11 layers o f EPS-tires under the possible maximum traffic were analyzed by using 
UDEC. The result can be seen in Figure 5.39.







Layers o f EPS-Tires
Figure 5.39 Tensile stress at 2.1 m from symmetry line.
Figure 5.39 shows that the maximum tension tends to reach the maximum value at 
about 41.5 kPa when the EPS-tire stack reaches 6  layers (1.08 m height), and it does not 
increase beyond that height.
In highway construction, silty sand is a soil type that commonly used as subgrade 
material. This type of soil poses some cohesion, which can help carry some tensile stress. 
However, it will be safe to consider no cohesion for any type of soil used for subgrade. 
Similar to a structural beam design, it can be assumed that the lower half (0.15 m) of the 
subgrade layer carries the average tensile stress of 41.5 kPa, the tension force would be 
6.225 kN per one meter o f highway length. As appeared in Koemer (1998), some types of 
geomembranes possess adequate strength. However, one made from high density 
polyethylene (HDPE) with a thickness of 1.5 mm is the most suitable because it provides 
resistance to tension as much as 15 kN/m, at yield strength of 20,000 kPa. In addition, 
HDPE has a relatively high elongation beyond its yield point. Thus, it provides good
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resistance against tearing. Geomembrane with rough textured surfaces is preferable since 
it will provide good transfer o f horizontal stresses from subgrade soil.
5.4.3 EPS-Tire Embankment without Side Slope
In some cases such as when the right of way is limited, an EPS-tire embankment 
may need to be cut vertically and covered on its side with a retaining wall. This is 
possible because the spaces between the wall and EPS-tires can be filled with EPS foam 
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Figure 5.40 UDEC analysis of pavement on EPS-tires system behind an upright 
retaining wall.
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the resulting stresses acting on the wall are compression because the wall carries vertical 
compressive stresses transmitted by the friction between the wall and the tires, and 
bending-induced tensile stresses (generated by the horizontal deformation o f the tires) are 
still smaller than the vertical compressive stresses. Thus, the vertical compressive stresses 
on the inner side o f the wall are less than the ones on the exposed side as shown on the 
wall in Figure 5.40. With low horizontal stresses, the wall may be built by using concrete 
blocks of 15 cm (6  inches) thick such as the ones used for commercial buildings. Result 
from UDEC analysis also shows that the vertical compressive stresses in EPS-tires under 
the wheels are still within the EPS foam’s creep-limit range o f 45 kPa.
In fact, without the retaining wall, EPS-tire stacks are stable by themselves. As a 
result of UDEC analysis shown in Figure 5.41, lateral stresses and deformations are not 
significant. However, in this design, EPS must be protected against sunlight and 
unfavorable substances such as fuel oil.
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Figure 5.41 UDEC analysis of pavement on EPS-tires system without an upright 
retaining wall.
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CHAPTER 6 
CONSTRUCTION COST ANALYSIS 
6.1 Overview
This chapter presents an example of estimated construction cost o f highways on 
an EPS-tire embankment in comparison with other soil treatment methods for soft 
ground, on which an embankment will be constructed. The analysis includes only the cost 
of major items as a result of each soil treatment. Comments on some construction aspects 
such as right of way and construction time are also presented in this chapter. Analysis of 
construction cost presented here is based on information about construction cost during 
the years 1998 and 1999 gathered from available documents, and by personal contact 
with individuals from involved organizations.
Note that all the costs presented here are for general cases. In practice, cost 
analyses must be performed on case-by-case basis.
6.2 Treatment Methods for Embankment Construction on Soft Ground
6.2.1 Vertical Drains
Vertical drains are used in soft cohesive soils to accelerate the consolidation 
settlement. Originally developed in the middle of the 1920s (Hansbo, 1993), the first 
material used as a drainage media (wick) was sand. Other materials have been developed 
to replace sand because o f lateral soil displacement and necking problem of the sand 
columns. These materials include cardboard and several synthetic materials.
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At the beginning of the procedure, the wicks are placed vertically as deep as the 
depth o f the soft soil layer(s) with a designed spacing, which depends on several factors 
such as the coefficient of consolidation of the soil, and the construction schedule. A layer 
of sand is then placed on the top of original ground in order to accommodate the drains. 
Next, a step-constructed surcharge embankment is placed over the sand in order to create 
overburden pressure to squeeze the water out of the soft soil. The step construction of the 
surcharge must be well designed to prevent the failure of the soft ground. In most cases, 
the height o f the surcharge exceeds the desired final embankment level to accelerate 
consolidation o f the soft soil layer. The surcharge fill is then removed when the 
consolidation reaches the desired point. Figure 6.1 illustrates a typical system of vertical 
drains.
Surcharge Fill to be Removed after the 
Completion of ConsolidationPreloading Surcharge Fill Level





Firm SoilNot to Scale
Figure 6.1 Typical systems of vertical drains.
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The consolidation procedure under the surcharge usually goes on until the end of 
the primary consolidation, a period ranging from months to years. In most projects, the 
finishing time controls the required period for the consolidation procedure. Therefore, the 
height of the embankments and spacing between the drains must be designed to 
accommodate the schedule.
6.2.2 Lime/Cement Columns
Lime/cement columns can be used to increase bearing capacity and reduce 
settlement o f soft clay and silt. In this method, soft soil is mixed with lime (CaO) or 
cement or both lime and cement by a special tool drilling into the soft soil layer. The 
chemical reaction between lime and/or cement and the soil (Bergado et al., 1994) causes 
the increase in strength and decrease in compressibility of the soft ground. Normally, the 
diameter o f the columns is 0.5-0.6 m. Figure 6.2 illustrates a typical system of 







Figure 6.2 Embankment on lime/cement columns in soft ground.
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Lime/cement columns require some curing time to gain strength. Thus, stage 
construction must be designed and planned according to laboratory tests o f strength 
gained in relationship to the curing time. For instance, a report by Saye et al. (2001a) 
indicates that compressive strength of a mixture o f lime, cement, and soft soil in Salt 
Lake City area reached the required value at 28 days, with the strength still increased 
after 56 days.
6.2.3 Granular Piles
Granular piles are constructed by filling sand or gravel into the holes bored in soft 
soil down to the firm layer underneath. During the filling process, compaction must also 
be applied to the fill material, either by vibration or impact. When gravels are used as the 
fill material, the piles are also called stone columns. The ground improved by this method 
is termed composite ground (Bergano et al., 1994).
Under load, the upper portion of the column deforms by bulking into the adjacent 
soft soil and, therefore, stresses are distributed into the surrounding soil with only small 
portion of stresses are transmitted to the tip of the pile (Bergano et al., 1994). These piles 
can also accelerate consolidation settlement like wick drains. Configuration o f granular 
piles system with embankment is the similar to the lime/cement column system as shown 
in Figure 6.2.
6.2.4 Mechanically Stabilized Earth
This method is also called as reinforced earth. On soft soil base, a layer o f high- 
strength geotextile is inserted into the embankment as shown in Figure 6.3. If the strength 
o f geotextile is adequate, it can prevent shear failure o f the soft ground. However, there is
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still a problem with consolidation settlement because o f the embankment weight. 
Therefore, this method is normally used along with other methods such as wick drains 
when strength of the base soil is still too low.
Embankment Possible Failure Plane
Geotextile
Soft Soil
Figure 6.3 Embankment reinforced with geotextile.
6.2.5 EPS-Embankments
As discussed in Chapter 2, EPS or geofoam has been used widely in the last 30 
years as a lightweight fill material. Its super lightweight reduces the consolidation 
settlement and accommodates low shear strength and thus low bearing capacity o f the 
foundation soil. In most projects, EPS of 1.25 kg/m3 (1.35 pcf) density is used. The 
advantage o f using EPS blocks to fill embankment is that they can be stacked up in a very 
short time. In addition, EPS embankment required narrower right o f way because its side 
slope can be as steep as 1:1 (vertical: horizontal).
6.2.6 EPS-Tire Embankments
The result of this study is a new lightweight material for solving soft ground 
problems. Therefore, there has not been an established price for obtaining this material. 
Estimating o f the cost is presented as following.
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Obtaining Used Tires
Obtaining used tires involves only labor and transportation cost. Information 
given by the general manager of the Virginia Recycling Corporation (personal 
communication, March, 1999) states that it cost them about $0.60-$0.80 to relocate used 
tires from tire stores in central and eastern Virginia to its shredding plant in Providence 
Forge. To produce EPS-filled tires, used tires are hauled to an EPS molding plant, which 
should yield the same cost as hauling to the shredding plant.
Handling at EPS Molding Plant
The labor activities for handling used tires at an EPS molding plant involve size 
selecting, storage, drilling holes around sidewalls of the tires, and separating the tires 
after molding. Labor cost during molding process is assumed to be included in the EPS 
cost as will be discussed next.
O f the above activities, drilling and separating tires are more critical. Drilling 
holes around sidewalls is necessary for a good distribution of EPS foam beads, heat, and 
pressure during the molding process. Separating of EPS-filled tires after molding can be 
done by using hot wire to cut through the excessive EPS. Labor time for all the activities 
listed above for handling one tire can add up to approximately 15-20 minutes o f one 
person. Assuming an hourly wage o f $6.00, the labor cost would be $2.00 per tire. 
However, based on an illustrative example by Peurifoy and Oberlender (1989), the actual 
cost would be at least 50% more. This additional 50% covers unforeseen costs such as 
taxes, benefits, fringe benefits, insurance, etc. Thus, it is reasonable to cost $3.00 per tires 
for handling at a molding plant.
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As a mass product, the cost of machines used for this handling can be very small, 
and can be included in the cost of $3.00 per tire.
Cost o f Molding with EPS
Normally, each EPS block has dimensions o f 49”x35”x96” or approximately 
4’x3’x8’, which is the size of an EPS mold. If this mold is used for molding EPS-tire 
units, there will be some wasted EPS material. It will be more appropriate to build a mold 
of 26”x26”x8’ so that it can fit tires with diameters up to 26 inches with minimum waste. 
With the length of 8 ’, the mold can contain up to 13 tires o f the 0.18 m thickness average.
Based on the information given by Dave Van Wagoner o f the GeoTech Systems 
Corporation (personal communication, March 24, 1999), the costs was $130 for a block 
o f 1.25 pcf-density EPS with the size of 4’x3’x8’, or $1.36 per cubic foot. For EPS of the 
modified mold size of 26”x26”x8’ or 37.56 cubic feet, the cost is $51.08. Since this 
volume is for 13 tires, therefore, the cost of EPS containing in one tire should be $3.93.
Cost o f  Delivery to Construction Site
Van Wagoner also informed that it cost $300 for each truck carrying EPS blocks 
from Winchester, Va. to Hampton Road area, a distance of more than 200 miles. The 
same truck can carry about 1,000 tires. Therefore, it cost $0.30 to deliver one EPS-tire 
unit. Note that this is cheaper than obtaining used tires but it is reasonable because to 
collect used tires, a truck has to travel to several stores in order to get a full load.
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Total Cost for a Unit ofEPS-Tire
By summarizing all the above items, it costs $7.83 per one EPS-filled tire. 
However, sales tax must be added to this price. In Virginia, if  sales tax is 4.5%, the cost 
of an EPS-tire will be $8.18.
6.3 Comparison of Construction Costs
6.3.1 Assumption for the Comparison
This section provides an example of cost analysis among those methods for 
construction of a highway embankment on soft ground based on the following 
assumption.
1. The highway requires four 3-m width lanes for both traveling directions, and 
the traffic volume is the same as in the design example in Chapter 5.
2. Additional concrete pavement of 2.5 meters width is required for shoulder on 
both sides.
3. An embankment of 100 meters long is required for the highway to cross over 
an area of soft soil.
4. On the embankment, the top elevation of pavement finish is 5.20 m above the
ground.
5. The soft ground condition requires only one treatment method.
6 . Concrete pavement is required for any design.
7. The depth o f soft soil layer is 10 meters.
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6.3.2 Unit Prices o f Materials and Labor
Table 6.1 presents cost o f highway construction gathered from various sources 
during the years 1998-1999. The unit prices shown in Table 6.1 are the costs from the 
state of Virginia, Utah, and California. The table shown that the costs for the same item 
for different sites are not much different. Unit prices used in cost analysis in this study 
are presented later in Table 6.2.
Table 6.1 Unit prices of materials and labor for treatment of soft ground
Item Unit Unit Price
Embankment Fill with Soil m3 $10.45 ‘
m3 $9.002
Removal o f Surcharge m3 $7.10 1
m3 $6.002
Wick Drains m $2.90 1
m $1.50 2 (without pre-drilling)
m $3.002 (with pre-drilling)
Lime-Cement Columns m $15.65-16.45 2 (diameter 0.6 m)
m $16.30-19.00 2 (diameter 0.8 m)
Stone Columns m $70.00 1
EPS Blocks m3 $45.00-60.00 2
m3 $56.24 3
EPS-Filled Tires ea. $8.18 4
Geomembrane m2 $12.00 5
Granular Subbase m3 $20.00 5
Concrete Slab m3 $86.45 6
1 David Kaulfers, Virginia Department o f  Transportation (personal communication, 1999)
2 Saye et al., 2001b
3 Dave Van Wagoner, GeoTech Systems Corporation (personal communication, 1999)
4 Section 6.2.6
5 20 % increased from price of $ 10.00/m2 in 1995 by Koemer, 1997
6 California Department o f Transportation, 1999
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6.3.3 Construction Cost o f Each Design
Figure 6.4 shows result of pavement structure designed on each ground treatment 
method. The design using vertical drains, lime/cement columns, and stone columns yield 
the same pavement structure with 0.20 m thick o f concrete on top o f well compacted-soil 
embankment. EPS embankment requires a concrete slab of 0.25 m on a well-compacted 
soil layer. Embankment of EPS-filled tires also need a concrete slab o f 0.25 m, however, 




Soft Ground Surface, Elevation +0.00 m
0.20 m Concrete




0.30 m Subgrade Soil
Geomembrane




0.25 m Granular Subbase
0.30 m Subgrade Soil
Geomembrane 
4.40 m EPS-Filled Tires
el. +0.00 m
(c)
Figure 6.4 Typical elevations of the required embankment and pavement structures:
(a) for vertical drains, iime/cement columns, and stone columns; (b) for 
embankment with EPS blocks; (c) for EPS-filled tires embankment.
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Based on the designs, material take-off and construction cost for major items can 
be seen in Table 6.2. The calculation uses unit prices in Virginia from Table 6.1 or from 
other sites if  the Virginia data is not available. The spacing between vertical drains of 2x2 
m, and the spacing between the centers o f stone columns of 4x4 m are the typical 
numbers used in Virginia according to information by Kaulfers (personal communication, 
1999). The spacing between lime/cement columns of 1.25x1.25 is assumed to be the 
same as used in the 1-15 project in Utah (Saye et al., 2001a). Note that these numbers, in 
the reality, should depend on in-situ testing of the selected columns, which related to 
specific soil condition in the field. The height o f the excessive surcharge for vertical drain 
method is assign as 50% of the final height.
The cost o f placing EPS-tires to form an embankment is assumed to be included 
in the handling and delivery cost since an experienced individual should be able to stack 
them up in a short time.
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Table 6.2 Construction cost for each method of soft ground treatment for 
embankment construction.
Treatment Method and Items Amount Unit Price Total Cost
1. Vertical Drains
- Drains (spacing 2x2 m)


















- Columns (spacing 1.25x1.25 m)














- Columns (spacing 4x4 m)
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Table 6.2 demonstrates that the cost of highway constructed on EPS-filled tires is 
costly even when compared with the embankment with EPS blocks. The cost o f obtaining 
and handling used tires causes the different since there is no such cost for EPS blocks. 
Another reason is the side slope of EPS-tire stack is approximately 1:2 (vertical to 
horizontal) while that of EPS block stack is 1:1, therefore, higher volume o f the EPS-tires 
is required to form the embankment.
The situation that makes embankment of EPS blocks and EPS-tires competitive 
with the other treatment methods for soft ground is when the layer of soft soil becomes 
deeper. Figure 6.5 shows the cost of embankment construction with those systems for 
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Figure 6.5 Construction cost for embankment with variety methods of solving soft 
ground problem.
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Figure 6.5 shows that the system o f EPS blocks is cheaper than the cost of using 
lime/cement columns when the depth of soft soil is more than 11 meters, and cheaper 
than the cost o f stone columns when the depth o f soft soil is more than 25 meters. The 
EPS-tire system can compete with stone columns at the depth o f soft soil 27 meters.
To investigate a system of EPS-tires with more potential for competition with 
other systems of soft ground treatment, an embankment o f EPS-tires with upright walls 
made of 6-inch thick concrete blocks as shown in Figure 6.6 may be considered. In fact, 
the walls can be considered as a cosmetic option because the EPS-tire stack is stable by 
itself if  the tires are placed with the same thickness. This system, as analyzed in the last 
section of Chapter 5, is possible. The vertical cuts o f both sides reduce the amount of 
EPS-tires assembly at the side slopes of the embankment. The volume covering soil 
placed on the side slope is also eliminated. Geomembrane cover is also reduced as well. 
Table 6.3 presents construction cost for this system.
> f
Masonry Block Wall (optional)
Pavement Structure
I I  I I  I I  I I  1 1 I I
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Soft Ground
Figure 6.6 Pavement on EPS-tire embankment with upright walls.
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Table 6.3 Construction cost of highway constructed on EPS-tire without side slopes.
Item Amount Unit Price Total Cost
- EPS-Filled Tire 110,455 ea. $8.18/ea. $903,521.90
- Geomembrane 2,720 m2 $12.00/m2 $32,640.00
- Subgrade Soil 510 m3 $ 10.45/m3 $5,329.50
- Subbase 437.5 m3 $20.00/ m3 $8,750.00
- Concrete Pavement 425 m $86.45/m3 $36,741.25
Grand Total without Walls $986,982.65
- Masonry Concrete Block Walls 1020 m2 $ 130.00/m2* $132,600.00
Grand Total with Walls $1,119,582.65
* Calfomia Department o f Transportation, 1999.
Table 6.3 shows that the cost of this system is still relatively high when compared 
with other systems in Table 6.2. With the masonry walls, the cost is almost the same as 
the EPS-tire embankment with side slopes.
6.4 Comment on Cost Analysis
Construction cost presented in this study does not include the cost for right of 
way. In some cases, project owners have to pay landowners for the right of way, which 
varies regionally. Embankment of EPS blocks, with side slope o f 1:1, requires less when 
compared with other embankment systems with side slope of 1:2. For some projects, 
when the right o f way is costly or not extendable, retaining wall can be used to solve this 
problem.
Another aspect is the time schedule. Figure 6.5 shows that the cost o f using 
vertical drains is relatively low but the process o f consolidation can take time. Thus, this 
method does not work with a rush project.
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An excellent example of multiple problems is Interstate 15 outside Salt Lake City 
in Utah (Saye et al., 2001a, Saye et al., 2001b). The Utah Department o f Transportation 
(UDOT) wanted to modify portions of this highway on a soft soil deposit around the 
Great Salt Lake area. The project required widening of roadway, new construction of 
approaches, and some reconstructions. The most important constraint of the project was 
the Winter Olympic in January 2002. The first early schedule allowed UDOT to select 
the vertical drain method. However, the soft soil contained so much cobbles that it 
damaged the drain during the installation, and moreover, some o f the drain installation 
could not be done. In addition, the soil was too soft to carry the weight o f surcharge. 
Therefore, UDOT rejected the method of vertical drains. Lightweight fills such as slag, 
scoria, and EPS blocks were used in combination with geotextile to improve the stability 
of the embankment for most o f the site.
In this project, lime/cement columns were also selected as the last possible 
alternative before switching to a bridge if the ground was too soft to use any type of 
ground improvement including lightweight fills. Another use of lime/cement columns at 
this site was to support retaining walls where the side slope of embankment must be cut 
due to the limited right o f way.
The described example confirms the fact that for certain projects, multiple 
methods o f solving soft ground problems are necessary. The appropriate methods are 
different from one project to another. Thus, evaluation must be performed on a case-by- 
case basis.





This study was an attempt to utilize unwanted automobile tires in construction 
practice, instead of disposing of them in landfills. The idea was to use these tires as a 
lightweight construction material by filling the hollow space inside the tires with 
Expanded Polystyrene (EPS) to reduce the high compressibility o f tires. Meanwhile, the 
inward deformation of tread wall of tires was expected to increase the confining pressure 
to the EPS, thus increased the EPS’ stiffness. When used as fill material for embankment 
on soft ground, the light weight o f the EPS-tire combination should eliminate or reduce 
the need of ground improvement.
For this study, samples o f used tires were picked from a local tire store in 
Norfolk, Va. to fill with EPS. There were two batches o f used tires injected with EPS in 
this study. The first batch was injected with EPS type I for preliminary study. The 
preliminary compression tests showed a higher compressive strength although with the 
initial softer elastic modulus. It was believed that, when EPS-tires were used as an 
embankment fill material, the static load of the overburden pavement structure could 
overcome this initial softness. Later, the second batch was injected with EPS type II, 
which had a higher compressive strength than EPS type I, since the anticipated stresses 
from the pavement system plus the traffic stresses were higher than the compressive 
strength range o f the EPS type I. There was a problem of air pockets remaining unfilled 
within the EPS-tire product. To fill the spaces, another type o f foam available in
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hardware stores was used to inject into the cavity. This foam was made from 
polyurethane intermediate. It can expand in some degree, however, still not as rigid as 
EPS foam.
Compression tests on single and stacks of EPS-tires were performed in order to 
investigate the response behavior and to investigate the possibility of using distinct 
element method (DEM) to simulate and analyze modulus of subgrade reaction, which 
was the key parameter for designing of pavement structures based on the selected design 
method in this study. Elastic moduli from compression tests along with Poisson’s ratio 
were the key material properties for use with a commercial DEM program named UDEC. 
Other than the material properties, the program also required contact properties for the 
simulation. The most important contact property in this study was contact stiffness in the 
normal direction to the blocks’ surfaces. The stiffness values could be estimated from 
equations given in the program manual. However, calibration o f the contact stiffness 
from the experiments was necessary because the surfaces between EPS-tires, and 
between EPS-tires and the rigid boundary were completely contacted in the UDEC 
simulation while they were not in the experiments. In the two dimensional UDEC 
simulation process, a concept o f contact area ratio had been applied to the configuration 
because in the experimental setups, the EPS-tires were stacked in three dimensions. It 
appeared that UDEC simulation worked well with the laboratory experiments, thus the 
program was used further for simulation of plate load test.
The most suitable pavement design method for embankment o f EPS-tires was the 
1966 version of Portland Cement Association (PC A), which was based on the value of 
modulus o f reaction on top of subgrade (kg). For the proposed EPS-tire embankment, the
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value o f kg can be obtained by performing plate load test on subgrade layer overlying the 
EPS-tire embankment. In this study, full-scale embankment was not available, therefore, 
UDEC was used to analyze for kg values instead. In the reality, the plate load test uses a 
circular plate to perform compression test, however, UDEC can only simulate line or 
strip load because it is a two-dimensioned program. The program could not simulate a 
circular plate load test, which is a three-dimensioned problem. Therefore, an indirect 
analysis was applied to the simulation. Instead o f using UDEC to analyze kg value from 
plate load test on discrete system of EPS-tires directly, kg values were converted from 
three other types o f models. Those models were UDEC models o f strip load test on 
discrete system of EPS tires, UDEC models of strip load test on continuous system of 
virtual EPS-tire mass, and models o f plate load test on continuous system of virtual EPS- 
tire mass analyzed by KENLAYER, which was capable to analyze plate load test on 
continuous system based on finite element method (FEM).
An example of pavement structure on EPS-embankment was demonstrated based 
on kg values obtained from this study. Construction cost of a highway built on EPS-tire 
embankment was compared with other methods of soft ground treatment such as vertical 
drains, lime/cement columns, granular piles, and EPS blocks.
7.2 Conclusion
The following conclusions are drawn from this study.
1. EPS-tire units posed a relatively low elastic modulus. Injection o f EPS into the 
hollow space inside the tires was not completely done since there were some air pockets 
unfilled with EPS. The holes drilled around sidewalls o f the tires were not large enough
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for EPS foam beads to flow inside the space entirely. With the sealant foam injected into 
those spaces, the elastic range of EPS-tires was higher than that o f EPS, however elastic 
modulus o f EPS-tire units was lower than that o f EPS alone.
2. The distinct element method (DEM) was capable of stress and deformation 
analysis o f EPS-tire systems. When a two-dimensioned program (UDEC) is used for 
three-dimensioned problems, some modifications must be applied such as using contact 
ration concept such as done in simulation of compression tests of EPS-tires in Chapter 4, 
and applying an indirect method as was done in analysis of modulus of subgrade reaction 
in Chapter 5.
3. The obtained modulus of subgrade reaction (kg) on subgrade soil over EPS-tire 
embankment was very low. This was the result of low elastic modulus, and less than 
100% contact area between EPS-tires when they were stacked. However, EPS-tires can 
still be used as embankment fill material for highways. More than 100,000 used tires 
could be reused under a 100 meter-long highway o f 4 lanes traffic as shown in Chapter 6.
4. Construction costs of highways constructed on EPS-tire embankment were 
higher than the costs o f highways constructed with other current methods used for 
treatment of soft ground problem. In addition to the already high cost o f EPS, obtaining 
used tires from stores, and handling used tires during the EPS-tire manufacturing caused 
the higher price. It is interesting to investigate the price of EPS-tire units if  they were 
manufactured in countries with lower labor cost. In fact, when EPS-tires become 
industrialized, mass production should lower the cost o f EPS-tires. Another possibility 
for lowering the price o f EPS-tires is a potential support from some environmental 
agencies for not disposing used tires in landfills.
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7.3 Recommendations for Future Research
The following is recommended for research in the future.
1. Improve molding technique of EPS-tire manufacturing because the incomplete 
filling of EPS beads caused the softness of EPS-tires used in this study. The new EPS-tire 
prototypes may be remanufactured with larger and open holes around sidewalls of the 
tires. The larger and open holes should accommodate the flow of EPS foam beads into 
the hollow space of the tires. Another possibility is the invention of a special mold, which 
allows direct injection of EPS beads into those spaces. With completely filled EPS-tire 
units, a similar study needs to be investigated.
2. Some materials other than EPS foam can be tried for filling inside the space of 
used tires. Materials with lower cost could make the idea of bringing unwanted used tires 
back to work again instead o f dispose them in landfills more viable.
3. EPS-filled tires could be used as construction material for temporary road 
embankments due to their light weight and ease o f handling. The tires should act as a 
good shield to protect the fill-in EPS from possible damage due to impact or scratching, 
thus, they can be used repeatedly. Procedure for construction with EPS-tires shall be 
developed and tested in the practice.
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APPENDIX A 
CALCULATION OF CONTACT AREA
Ob
Figure A .l Overlapping circles.
For two overlapping circles B and E in Figure A .l, area o f sector MObN  could be 
calculated from the following equation.
nD2>2 r e \  
v360°y
(A.1)
Where As -  area o f sector M O bN
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0 =  angle MObN in degrees = 2 x sin - l
2
+
' i f '
J ,
(A.2)
where Si = distance between the center points of the two overlapping tires (see 
Equations A.5, and A.6 ).




where Aa = area of triangular MObN.
Then, the overlapping area, Acc, could be found from
Acc = 2 (As -A a ) (A.4)
For a three dimensional stack of tires as shown in Figure A.2,
S i  = S13 = 5 °3 (A.5)
2 cos30°
where S03 = distance between the center points o f the supporting tires
Stf -  distance between the center points of a supporting tire to the center 
point of the tire on its top.
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where S02 = distance between two supporting tires
S \2 = distance between the center points o f a supporting tire to the center 





Figure A.2 Stack of tires in three and two dimensions.
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Calculation of Contact Area in Section 3.4.3
For a three dimensional stack, applying D -  0.617 m, S03 = 0.66 m into the above 
equations, the following values could be obtained.
Sn = 0.381 m
As -  0.086 m2
0  = 103.73°
Aa = 0.0462 m2
A cc3 (one overlap contact area for three dimensional stack) = 0.0796 m2 
3 xA cc3 = 0.2388 m2 = 2 xA cc2
Therefore, ACc2 (one overlap contact area for two dimensional stack) = 0.1194 m2. 
Solving by trial & error as shown in the following table (S02 = 0.6075).
Solving for
S02 S\2 As A a A cc3
0.6 0.3 0.101171 0.040437 0.121469
0.62 0.31 0.099397 0.041344 0.116106
0.61 0.305 0.100286 0.040896 0.11878
0.605 0.3025 0.100729 0.040668 0.120123
0.608 0.304 0.100464 0.040805 0.119317
0.607 0.3035 0.100552 0.04076 0.119586
0.6075 0.30375 0.100508 0.040782 0.119451
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APPENDIX B 
INPUT FILES FOR UDEC ANALYSES
Note: Due to changes in parameters, running these files may not yield the same results as 
appears in the main text.
B.l Compression Test of EPS-Tire, Single Unit
;File one layer 
round 0.03




del ran 0.309,0.617 0,0.28
title
HEAD>EPS-TIRE STACK WITH ONE LAYER at 5.64 kPa 
gen edge 0.5
prop mat 1 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 2 dens 200 shear 1350e3 bulk 1050e3 
prop mat 3 dens 10 shear 4e9 bulk 4.34e9 
change mat 1
change mat 2 ran 0,0.309 0,0.18 
change mat 3 ran 0,0.309 0.18,0.28 
propjm at 1 jkn  le lO jks lelO  jfr 25 
change j mat 1 
set grav 0,-9.81
bound stress 0,0,-5460 ran 0,0.309 0.22,0.3
bound yvel = 0 ran 0,0.617 -0.31,-0.29





B.2 Compression Test of Two-Layered EPS-Tire Stack
round 0.03







del ran 0,0.06 0,.2
del ran 0.3,1.25 0.2,0.46
del ran 0.7,1.25 0,0.2
title
HEAE»EPS-TIRE STACK OF TWO LAYERS at 5.64 kPa 
gen edge 0.5
prop mat 1 dens 2400 shear le8 bulk 1.84e8 
prop mat 2 dens 10 shear le8 bulk 1.84e8 
prop mat 3 dens 200 shear 1370e3 bulk 1066e3
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prop mat 4 dens 200 shear 1345e3 bulk 1047e3 
propjmat 1 jkn lelO  jks lelO  jfr 25 
propjm at 2 jkn lelO  jks lelO  jfr 25 
change mat 1
change mat 2 range 0,0.309 0.36,0.46 
change mat 3 range 0,0.3 0.18,0.36 
change mat 4 range 0,0.7 0,0.18 
change j mat 1
change jm at 2 range 0,0.309 0.1,0.3 
set grav 0,-9.81
bound stress 0, 0, -5640 range 0,0.309 0.4,0.5
bound yvel = 0 range 0,1.25 -0.31,-0.29





B.3 Compression Test of Three-Layered EPS-Tire Stack
round 0.03











del ran 0.3,0.43 0,0.18
del ran 1,2 0,0.2
del ran 0,0.06 0.18,0.36
del ran 0.68,2 0.2,0.4
del ran 0.3,2 0.36,0.64
title
HEAD>EPS-TIRE STACKS OF THREE LAYERS at 5.64 kPa 
gen edge 0.5
prop mat 1 dens 2400 shear 1.8e8 bulk 1.84e8 
prop mat 2 dens 10 shear le8 bulk 1.84e8 
prop mat 3 dens 200 shear 1380e3 bulk 1074e3 
prop mat 4 dens 200 shear 1350e3 bulk 1051e3 
prop mat 5 dens 200 shear 1200e3 bulk 934e3 
propjm at 1 jkn lelO  jks lelO  j f r 25 
propjm at 2 jkn lelO  jks lelO  jfr 25 
change mat 1 range 0,2 —0.3,0 
change mat 2 range 0,0.309 0.54,0.64 
change mat 3 range 0,0.3 0.36,0.54 
change mat 4 range 0,0.5 0,0.36 
change mat 5 range 0.6,1 0,0.18 
change jm at 1
change jm at 2 range 0,0.8 0.1,0.4 
set grav 0,-9.81
bound stress 0,0,-5640 range 0,0.309 0.6,0.65
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bound yvel = 0 range 0,2 -0.31,-0.29





B.4 Compression Test of Four-Layered EPS-Tire Stack
round 0.03
















del ran 0,0.06 0,0.2
del ran 0.7,0.8 0,0.2
del ran 1.4,2.5 0,0.2
del ran 0.3,0.43 0.2,0.36
del ran 1,2.5 0.2,0.36
del ran 0,0.06 0.36,0.54
del ran 0.7,2.5 0.36,0.54
del ran 0.3,2.5 0.54,0.8
title
HEAD>EPS STACK OF FOUR LAYERS at 5.64 kPa 
gen edge 0.5
prop mat 1 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 2 dens 10 shear 4e9 bulk4.3e9 
prop mat 3 dens 200 shear 1385e3 bulk 1078e3 
prop mat 4 dens 200 shear 1350e3 bulk 1051 e3 
prop mat 5 dens 200 shear 1280e3 bulk 996e3 
prop mat 6 dens 200 shear 1050e3 bulk 817e3 
propjm at 1 jkn  lelO  jks lelO  jfr  25 
prop jmat 2 jkn  lelO  jks lelO  jfr 25 
change mat 1 range 0,2.5 -0.3,0 
change mat 2 range 0,0.309 0.72,0.82 
change mat 3 range 0,0.3 0.54,0.72 
change mat 4 range 0,0.5 0,0.54 
change mat 5 range 0.5,1.1 0.18,0.36 
change mat 6 range 0.8,1.5 0,0.18 
change jm at 1
change jm at 2 range 0,1.5 0.1,0.6 
set grav 0,-9.81
bound stress 0,0,-5640 range 0,0.309 0.8,0.85 
bound yvel = 0 range 0,2.5 -0.31,-0.29
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B.5 Compression Test of Five-Layered EPS-Tire Stack
round 0.03
block 0,-0.3 0,1 3,1 3,-0.3 
crack 0,0 3,0 
crack 0,0.18 3,0.18 
crack 0,0.36 3,0.36 
crack 0,0.54 3,0.54 
crack 0,0.72 3,0.72 
crack 0,0.9 3,0.9 
crack 0.309,0 0.309,0.18 
crack 0.432,0 0.432,0.18 
crack 1.049,0 1.049,0.18 
crack 1.172,0 1.172,0.18 
crack 1.789,0 1.789,0.18 
crack 0.062,0.18 0.062,0.36 
crack 0.679,0.18 0.679,0.36 
crack 0.802,0.18 0.802,0.36 
crack 1.419,0.18 1.419,0.36 
crack 0.309,0.36 0.309,0.54 
crack 0.432,0.36 0.432,0.54 
crack 1.049,0.36 1.049,0.54 
crack 0.062,0.54 0.062,0.72 
crack 0.679,0.54 0.679,0.72 
crack 0.309,0.72 0.309,1 
del ran 0.3,0.4 0,0.18 
del ran 1,1.2 0,0.18 
del ran 1.8,3 0,0.18 
del ran 0,0.06 0.2,0.36 
del ran 0.7,0.8 0.2,0.36 
del ran 1.4,3 0.2,0.36 
del ran 0.3,0.4 0.36,0.54 
del ran 1,3 0.36,0.54 
del ran 0,0.06 0.54,0.7 
del ran 0.7,3 0.54,0.7 
del ran 0.3,3 0.7,1 
title
HEAD>EPS STACK OF FIVE LAYERS at 5.64 kPa 
gen edge 0.5
prop mat 1 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 2 dens 10 shear 4e9 bulk4.3e9 
prop mat 3 dens 200 shear 1380e3 bulk 1074e3
prop mat 4 dens 200 shear 1360e3 bulk 1258e3
prop mat 5 dens 200 shear 1280e3 bulk 996e3
prop mat 6 dens 200 shear 1050e3 bulk 817e3
propjm at 1 jkn lelO  jks lelO  j f r 25 
propjm at 2 jkn le lO jks lelO  j f r 25 
change mat 1 range 0,3 -0.3,0 
change mat 2 range 0,0.309 0.9,1 
change mat 3 range 0,0.3 0.7,0.9
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change mat 4 range 0,0.5 0,0.7 
change mat 5 range 0.5,0.8 0,0.54 
change mat 6 range 0.8,1.8 0,0.4 
change jm at 1
change jm at 2 range 0,1.8 0.1,0.8 
set grav 0,-9.81
bound stress 0,0,-5640 range 0,0.309 0.95,1.05
bound yvel = 0 range 0,3 -0.31,-0.29





B.6 Plate Load Test on Sand Covering EPS-Tires
round 0.03
block 0,2.2 0,4.9 10,4.9 10,2.2 
;create loading plate 
crack 0,4.8 10,4.8 
crack 0.381,4.8 0.381,4.9 
del ran 0.381,10 4.8,4.9 
; create crack for each layer 
crack 0,2.52 10,2.52 
crack 0,2.7 10,2.7 
crack 0,2.88 10,2.88 
crack 0,3.06 10,3.06 
crack 0,3.24 10,3.24 
crack 0,3.42 10,3.42 
crack 0,3.6 10,3.6 
crack 0,3.78 10,3.78 
crack 0,3.96 10,3.96 
crack 0,4.14 10,4.14 
crack 0,4.32 10,4.32 
crack 0,4.50 10,4.5 
;create covering portion 
crack 3.269,4.5 3.269,4.8 
del ran 3.3,10 4.5,4.8 
;create 1st layer 
crack 0.309,4.32 0.309,4.50 
crack 0.432,4.32 0.432,4.50 
crack 1.049,4.32 1.049,4.50 
crack 1.172,4.32 1.172,4.50 
crack 1.789,4.32 1.789,4.50 
crack 1.912,4.32 1.912,4.50 
crack 2.529,4.32 2.529,4.50 
crack 2.652,4.32 2.652,4.50 
crack 3.269,4.32 3.269,4.50 
del ran 0.3,0.4 4.3,4.5 
del ran 1.05,1.2 4.3,4.5 
del ran 1.8,1.9 4.3,4.5 
del ran 2.5,2.65 4.3,4.5 
del ran 3.27,10 4.3,4.5 
;create 2nd layer 
crack 0.062,4.14 0.062,4.32 
crack 0.679,4.14 0.679,4.32
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crack 0.802,4.14 0.802,4.32 
crack 1.419,4.14 1.419,4.32 
crack 1.542,4.14 1.542,4.32 
crack 2.159,4.14 2.159,4.32 
crack 2.282,4.14 2.282,4.32 
crack 2.899,4.14 2.899,4.32 
crack 3.022,4.14 3.022,4.32 
crack 3.639,4.14 3.639,4.32 
del ran 0.0,0.1 4.1,4.3 
del ran 0.7,0.8 4.1,4.3 
del ran 1.4,1.54 4.1,4.3 
del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.0 4.1,4.3 
del ran 3.64,10 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96 
crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
crack 3.392,4.14 3.392,3.96 
crack 4.009,4.14 4.009,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
del ran 3.27,3.4 3.9,4.1 
del ran 4,10 3.9,4.1 
; create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96 
crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
crack 3.639,3.78 3.639,3.96 
crack 3.762,3.78 3.762,3.96 
crack 4.379,3.78 4.379,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4 
del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.0 3.8,4 
del ran 3.64,3.76 3.8,4 
del ran 4.379,10 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78
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crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
crack 3.392,3.6 3.392,3.78 
crack 4.009,3.6 4.009,3.78 
crack 4.132,3.6 4.132,3.78 
crack 4.749,3.6 4.749,3.78 
del ran 0.3,0.43 3.6,3.8 
del ran 1.05,1.17 3.6,3.8 
del ran 1.8,1.91 3.6,3.8 
del ran 2.53,2.65 3.6,3.8 
del ran 3.27,3.39 3.6,3.8 
del ran 4.0,4.13 3.6,3.8 
del ran 4.75,10 3.6,3.8 
;create 6th layer 
crack 0.062,3.42 0.062,3.6 
crack 0.679,3.42 0.679,3.6 
crack 0.802,3.42 0.802,3.6 
crack 1.419,3.42 1.419,3.6 
crack 1.542,3.42 1.542,3.6 
crack 2.159,3.42 2.159,3.6 
crack 2.282,3.42 2.282,3.6 
crack 2.899,3.42 2.899,3.6 
crack 3.022,3.42 3.022,3.6 
crack 3.639,3.42 3.639,3.6 
crack 3.762,3.42 3.762,3.6 
crack 4.379,3.42 4.379,3.6 
crack 4.502,3.42 4.502,3.6 
crack 5.119,3.42 5.119,3.6 
del ran 0.0,0.06 3.4,3.6 
del ran 0.67,0.8 3.4,3.6 
del ran 1.4,1.54 3.4,3.6 
del ran 2.16,2.28 3.4,3.6 
del ran 2.9,3.02 3.4,3.6 
del ran 3.64,3.76 3.4,3.6 
del ran 4.38,4.5 3.4,3.6 
del ran 5.12,10 3.4,3.6 
;create 7th layer 
crack 0.309,3.24 0.309,3.42 
crack 0.432,3.24 0.432,3.42 
crack 1.049,3.24 1.049,3.42 
crack 1.172,3.24 1.172,3.42 
crack 1.789,3.24 1.789,3.42 
crack 1.912,3.24 1.912,3.42 
crack 2.529,3.24 2.529,3.42 
crack 2.652,3.24 2.652,3.42 
crack 3.269,3.24 3.269,3.42 
crack 3.392,3.24 3.392,3.42 
crack 4.009,3.24 4.009,3.42 
crack 4.132,3.24 4.132,3.42 
crack 4.749,3.24 4.749,3.42 
crack 4.872,3.24 4.872,3.42 
crack 5.489,3.24 5.489,3.42
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del ran 0.3,0.43 3.2,3.4 
del ran 1.05,1.17 3.2,3.4 
del ran 1.8,1.91 3.2,3.4 
del ran 2.53,2.65 3.2,3.4
del ran 3.27,3.39 3.2,3.4
del ran 4.0,4.13 21.2,3.4
del ran 4.75,4.87 3.2,3.4


















del ran 0.0,0.06 2i.1,3.2
del ran 0.67,0.8 21.1,3.2
del ran 1.4,1.54 3i.1,3.2
del ran 2.16,2.28 3.1,3.2
del ran 2.9,3.02 21.1,3.2
del ran 3.64,3.76 3.1,3.2
del ran 4.38,4.5 3i.1,3.2
del ran 5.12,5.24 3.1,3.2



















del ran 0.3,0.43 21.9,3
del ran 1.05,1.17 2.9,3
del ran 1.8,1.9121.9,3
del ran 2.53,2.65 2.9,3
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del ran 3.27,3.39 2.9,3 
del ran 4.0,4.13 2.9,3 
del ran 4.75,4.87 2.9,3 
del ran 5.49,5.6 2.9,3 
del ran 6.2,10 2.9,3 
; create 10th layer 
crack 0.062,2.7 0.062,2.88 
crack 0.679,2.7 0.679,2.88 
crack 0.802,2.7 0.802,2.88 
crack 1.419,2.7 1.419,2.88 
crack 1.542,2.7 1.542,2.88 
crack 2.159,2.7 2.159,2.88 
crack 2.282,2.7 2.282,2.88 
crack 2.899,2.7 2.899,2.88 
crack 3.022,2.7 3.022,2.88 
crack 3.639,2.7 3.639,2.88 
crack 3.762,2.7 3.762,2.88 
crack 4.379,2.7 4.379,2.88 
crack 4.502,2.7 4.502,2.88 
crack5 .119,2.7 5.119,2.88 
crack 5.242,2.7 5.242,2.88 
crack 5.859,2.7 5.859,2.88 
crack 5.982,2.7 5.982,2.88 
crack 6.599,2.7 6.599,2.88 
del ran 0.0,0.06 2.7,2.9 
del ran 0.67,0.8 2.7,2.9 
del ran 1.4,1.54 2.7,2.9 
del ran 2.16,2.28 2.7,2.9 
del ran 2.9,3.02 2.7,2.9 
del ran 3.64,3.76 2.7,2.9 
del ran 4.38,4.5 2.7,2.9 
del ran 5.12,5.24 2.7,2.9 
del ran 5.86,6 2.7,2.9 
del ran 6.6,10 2.7,2.9 
; create 11th layer 
crack 0.309,2.52 0.309,2.7 
crack 0.432,2.52 0.432,2.7 
crack 1.049,2.52 1.049,2.7 
crack 1.172,2.52 1.172,2.7 
crack 1.789,2.52 1.789,2.7 
crack 1.912,2.52 1.912,2.7 
crack 2.529,2.52 2.529,2.7 
crack 2.652,2.52 2.652,2.7 
crack 3.269,2.52 3.269,2.7 
crack 3.392,2.52 3.392,2.7 
crack 4.009,2.52 4.009,2.7 
crack 4.132,2.52 4.132,2.7 
crack 4.749,2.52 4.749,2.7 
crack 4.872,2.52 4.872,2.7 
crack 5.489,2.52 5.489,2.7 
crack 5.612,2.52 5.612,2.7 
crack 6.229,2.52 6.229,2.7 
crack 6.352,2.52 6.352,2.7 
crack 6.969,2.52 6.969,2.7 
del ran 0.3,0.43 2.5,2.7 
del ran 1.05,1.17 2.5,2.7
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del ran 1.8,1.91 2.5,2.7 
del ran 2.53,2.65 2.5,2.7 
del ran 3.27,3.39 2.5,2.7 
del ran 4.0,4.13 2.5,2.7 
del ran 4.75,4.87 2.5,2.7 
del ran 5.49,5.6 2.5,2.7 
del ran 6.2,6.35 2.5,2.7 
del ran 6.969,10 2.5,2.7 
;cut base
crack 8,2.2 8,2.52 
del ran 8,10 2.2,2.5 
gen edge 0.5
;gen edge 0.1 ran 0,0.381 4.8,4.9 
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 10 shear 4e9 bulk 4.3e9 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 250e3 bulk 195e3 
prop mat 6 dens 200 shear 400e3 bulk 31 le3 
prop mat 7 dens 200 shear 425e3 bulk 331e3 
prop mat 8 dens 200 shear 450e3 bulk 350e3 
prop mat 9 dens 200 shear 475e3 bulk 370e3 
propjm at 1 jkn le8 jk s  Ie8 jfr2 5  
p ro p jm at2 jkn le lO jks I e l0 jf r2 5  
change mat 4
change mat 1 range 0,6 4.5,4.8 
change mat 2 range 0,1 4.8,4.9 
change mat 5 range 3.7,8 2.5,4.5 
change mat 6 range 0,3.8 3.96,4.5 
change mat 7 range 0,3.8 3.42,3.96 
change mat 8 range 0,4.4 2.88,3.42 
change mat 9 range 0,4.8 2.5,2.88 
change jm at 2
change jm at 1 range 0,6 2.55,4.4 
set grav 0 -9.81
bound stress 0, 0,0 range 0,0.381 4.85,4.95 
bound yvel = 0 range 0,8 2.15,2.25 
bound xvel = 0 range -0.01,0.01 2.2,4.95 
his ydisp 0.05,4.85 
his unbal 
damp auto
prop mat 10 dens 200 shear 400e3 bulk 31 le3 
prop mat 11 dens 200 shear 850e3 bulk 661e3 
prop mat 12 dens 200 shear 750e3 bulk 584e3 
prop mat 13 dens 200 shear 900e3 bulk 700e3 
prop mat 14 dens 200 shear 785e3 bulk 61 le3 
prop mat 15 dens 200 shear 950e3 bulk 739e3 
prop mat 16 dens 200 shear 820e3 bulk 638e3 
prop mat 17 dens 200 shear 1000e3 bulk 778e3 
prop mat 18 dens 200 shear 850e3 bulk 661e3 
change mat 10 range 3.6,8 2.7,4.5 
change mat 11 range 0,1.2 3.96,4.5 
change mat 12 range 1.2,3.8 3.96,4.5 
change mat 13 range 0,1.6 3.4,4
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change mat 14 range 1.6,3.6 3.4,4
change mat 15 range 0,2.2 3.06,3.4
change mat 16 range 2.2,4.4 2.88,3.4
change mat 17 range 0,2.5 2.5,2.88
change mat 18 range 2.5,4.5 2.5,2.88
bound stress 0, 0,-10000 range 0,0.381 4.85,4.95
bound yvel = 0 range 0,8 2.15,2.25
bound xvel = 0 range -0.01,0.01 2.2,4.95
damp auto
B.7 Compression of EPS-Tires for Virtual Elastic Modulus
round 0.03
block 0,2.58 0,4.8 3.269,4.8 3.269,2.58











;create 1st layer 
crack 0.309,4.32 0.309,4.50 
crack 0.432,4.32 0.432,4.50 
crack 1.049,4.32 1.049,4.50 
crack 1.172,4.32 1.172,4.50 
crack 1.789,4.32 1.789,4.50 
crack 1.912,4.32 1.912,4.50 
crack 2.529,4.32 2.529,4.50 
crack 2.652,4.32 2.652,4.50 
crack 3.269,4.32 3.269,4.50 
del ran 0.3,0.4 4.3,4.5 
del ran 1.05,1.2 4.3,4.5 
del ran 1.8,1.9 4.3,4.5 
del ran 2.5,2.65 4.3,4.5 
del ran 3.27,10 4.3,4.5 
;create 2nd layer 
crack 0.062,4.14 0.062,4.32 
crack 0.679,4.14 0.679,4.32 
crack 0.802,4.14 0.802,4.32 
crack 1.419,4.14 1.419,4.32 
crack 1.542,4.14 1.542,4.32 
crack 2.159,4.14 2.159,4.32 
crack 2.282,4.14 2.282,4.32 
crack 2.899,4.14 2.899,4.32 
crack 3.022,4.14 3.022,4.32 
crack 3.639,4.14 3.639,4.32 
del ran 0.0,0.1 4.1,4.3 
del ran 0.7,0.8 4.1,4.3 
del ran 1.4,1.54 4.1,4.3
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del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.0 4.1,4.3 
del ran 3.64,10 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96 
crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
crack 3.392,4.14 3.392,3.96 
crack 4.009,4.14 4.009,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
del ran 3.27,3.4 3.9,4.1 
del ran 4,10 3.9,4.1 
;create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96 
crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
crack 3.639,3.78 3.639,3.96 
crack 3.762,3.78 3.762,3.96 
crack4.379,3.78 4.379,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4 
del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.0 3.8,4 
del ran 3.64,3.76 3.8,4 
del ran 4.379,10 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78 
crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
crack 3.392,3.6 3.392,3.78 
crack 4.009,3.6 4.009,3.78 
crack 4.132,3.6 4.132,3.78 
crack 4.749,3.6 4.749,3.78 
del ran 0.3,0.43 3.6,3.8
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del ran 1.05,1.17 3.6,3.8
del ran 1.8,1.91 3.6,3.8
del ran 2.53,2.65 3.6,3.8
del ran 3.27,3.39 3.6,3.8
del ran 4.0,4.13 31.6,3.8
















del ran 0.0,0.06 31.4,3.6
del ran 0.67,0.8 31.4,3.6
del ran 1.4,1.54 31.4,3.6
del ran 2.16,2.28 3.4,3.6
del ran 2.9,3.02 31.4,3.6
del ran 3.64,3.76 3.4,3.6
del ran 4.38,4.5 31.4,3.6

















del ran 0.3,0.43 31.2,3.4
del ran 1.05,1.17 3.2,3.4
del ran 1.8,1.91 31.2,3.4
del ran 2.53,2.65 3.2,3.4
del ran 3.27,3.39 3.2,3.4
del ran 4.0,4.13 31.2,3.4
del ran 4.75,4.87 3.2,3.4
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crack 0.802,3.06 0.802,3.24 
crack 1.419,3.06 1.419,3.24 
crack 1.542,3.06 1.542,3.24 
crack 2.159,3.06 2.159,3.24 
crack 2.282,3.06 2.282,3.24 
crack 2.899,3.06 2.899,3.24 
crack 3.022,3.06 3.022,3.24 
crack 3.639,3.06 3.639,3.24 
crack 3.762,3.06 3.762,3.24 
crack 4.379,3.06 4.379,3.24 
crack 4.502,3.06 4.502,3.24 
crack 5.119,3.06 5.119,3.24 
crack 5.242,3.06 5.242,3.24 
crack 5.859,3.06 5.859,3.24 
del ran 0.0,0.06 3.1,3.2 
del ran 0.67,0.8 3.1,3.2 
del ran 1.4,1.54 3.1,3.2 
del ran 2.16,2.28 3.1,3.2 
del ran 2.9,3.02 3.1,3.2 
del ran 3.64,3.76 3.1,3.2 
del ran 4.38,4.5 3.1,3.2 
del ran 5.12,5.24 3.1,3.2 
del ran 5.8,10 3.1,3.2 
;create 9th layer 
crack 0.309,2.88 0.309,3.06 
crack 0.432,2.88 0.432,3.06 
crack 1.049,2.88 1.049,3.06 
crack 1.172,2.88 1.172,3.06 
crack 1.789,2.88 1.789,3.06 
crack 1.912,2.88 1.912,3.06 
crack 2.529,2.88 2.529,3.06 
crack 2.652,2.88 2.652,3.06 
crack 3.269,2.88 3.269,3.06 
crack 3.392,2.88 3.392,3.06 
crack 4.009,2.88 4.009,3.06 
crack 4.132,2.88 4.132,3.06 
crack 4.749,2.88 4.749,3.06 
crack 4.872,2.88 4.872,3.06 
crack 5.489,2.88 5.489,3.06 
crack 5.612,2.88 5.612,3.06 
crack 6.229,2.88 6.229,3.06 
del ran 0.3,0.43 2.9,3 
del ran 1.05,1.17 2.9,3 
del ran 1.8,1.91 2.9,3 
del ran 2.53,2.65 2.9,3 
del ran 3.27,3.39 2.9,3 
del ran 4.0,4.13 2.9,3 
del ran 4.75,4.87 2.9,3 
del ran 5.49,5.6 2.9,3 
del ran 6.2,10 2.9,3 
;cut base
crack 7.25,2.58 7.25,2.88 
del ran 7.25,10 2.6,2.9 
gen edge 0.5
;gen edge 0.1 ran 0,0.381 4.8,4.9 
;mat l=covering soil = loose or silty sand
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prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 10 shear 4e9 bulk 4.3e9 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 250e3 bulk 195e3 
prop mat 6 dens 200 shear 400e3 bulk 31 le3 
prop mat 7 dens 200 shear 425e3 bulk 33le3 
prop mat 8 dens 200 shear 450e3 bulk 350e3 
propjm at 1 jkn le8 jks le8 jfr25  
p ro p jm at2 jk n  le lO jks Ie l0 jf r2 5  
change mat 4
;change mat 1 range 0,6 4.5,4.8 
;change mat 2 range 0,1 4.8,4.9 
;change mat 5 range 3.7,7 2.88,4.5 
change mat 6 range 0,3.3 2.88,4.5 
;change mat 7 range 0,3.8 3.42,3.96 
;change mat 8 range 0,4.4 2.88,3.42 
change j mat 2
change jm at 1 range 0,6 2.9,4.4 
set grav 0 -9 .81
bound stress 0, 0,0 range 0,0.381 4.75,4.85 
bound yvel = 0 range 0,8 2.55,2.65 
;bound xvel = 0 range -0.01,0.01 2.5,4.95 
his ydisp 0.05,4.75 
his unbal 
damp auto
prop mat 10 dens 200 shear 400e3 bulk 31 le3
prop mat 11 dens 200 shear 850e3 bulk 661e3
prop mat 12 dens 200 shear 750e3 bulk 584e3
prop mat 13 dens 200 shear 900e3 bulk 700e3
prop mat 14 dens 200 shear 785e3 bulk 61 le3
prop mat 15 dens 200 shear 950e3 bulk 739e3
prop mat 16 dens 200 shear 820e3 bulk 638e3
;change mat 10 range 3.6,7 2.88,4.5 
change mat 11 range 0,3.3 2.88,4.5 
;change mat 12 range 1.2,3.8 3.96,4.5 
;change mat 13 range 0,1.6 3.4,4 
;change mat 14 range 1.6,3.6 3.4,4 
;change mat 15 range 0,2.2 3.06,3.4 
;change mat 16 range 2.2,4.4 2.88,3.4 
bound stress 0, 0,-10000 range 0,3.3 4.75,4.85 
bound yvel = 0 range 0,8 2.55,2.65 
;bound xvel = 0 range -0.01,0.01 2.5,4.95 
damp auto
B.8 Plate Load Test on Continuous EPS-Tire Embankment
round 0.03
block 0,2.2 0,4.9 10,4.9 10,2.2 
;create loading plate 
crack 0,4.8 10,4.8 
crack 0.381,4.8 0.381,4.9 
del ran 0.381,10 4.8,4.9 
;create crack for each layer 
crack 0,2.52 10,2.52
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crack 0,4.50 10,4.5 
;create covering portion 
crack 3.269,4.5 3.269,4.8 
del ran 3.3,10 4.5,4.8 
;embankment 
crack 3.269,4.5 8,2.52 
del ran 4,10 2.5,5 
;cut base
crack 8,2.2 8,2.52 
del ran 8,10 2.2,2.5 
gen edge 0.5
;gen edge 0.1 ran 0,0.381 4.8,4.9 
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
;mat 2=plate
prop mat 2 dens 10 shear 4e9 bulk 4.3e9 
;mat 3=soil base
prop mat 3 dens 1800 shear 10714e3 bulk 50000e3 
;mat 4=eps-tire (mass)
prop mat 4 dens 200 shear 1071e3 bulk 833e3 
propjm at 1 jkn le8 jk s  Ie8 jfr2 5  
p ro p jm at2 jk n  le lO jks lelO  jfr 25 
change mat 4
change mat 1 range 0,3.3 4.5,4.8 
change mat 2 range 0,1 4.8,4.9 
change mat 3 range 0,10 2.2,2.5 
change j mat 2
change jm at 1 range 0,6 2.55,4.4 
set grav 0 -9.81
bound stress 0, 0, -10000 range 0,0.381 4.85,4.95
bound yvel = 0 range 0,8 2.15,2.25




B.9 Traffic on Concrete Pavement over EPS-Tire Embankment
round 0.03
block 0,3.12 0,5.45 10,5.45 10,3.12













del ran 0,10 5.35,5.45
;create covering portion
crack 3.269,4.5 3.269,5.35
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del ran 3.3,10 4.5,5.35 
;create 1st layer 
crack 0.309,4.32 0.309,4.50 
crack 0.432,4.32 0.432,4.50 
crack 1.049,4.32 1.049,4.50 
crack 1.172,4.32 1.172,4.50 
crack 1.789,4.32 1.789,4.50 
crack 1.912,4.32 1.912,4.50 
crack 2.529,4.32 2.529,4.50 
crack 2.652,4.32 2.652,4.50 
crack 3.269,4.32 3.269,4.50 
del ran 0.3,0.4 4.3,4.5 
del ran 1.05,1.2 4.3,4.5 
del ran 1.8,1.9 4.3,4.5 
del ran 2.5,2.65 4.3,4.5 
del ran 3.27,10 4.3,4.5 
;create 2nd layer 
crack 0.062,4.14 0.062,4.32 
crack 0.679,4.14 0.679,4.32 
crack 0.802,4.14 0.802,4.32 
crack 1.419,4.14 1.419,4.32 
crack 1.542,4.14 1.542,4.32 
crack 2.159,4.14 2.159,4.32 
crack 2.282,4.14 2.282,4.32 
crack 2.899,4.14 2.899,4.32 
crack 3.022,4.14 3.022,4.32 
crack 3.639,4.14 3.639,4.32 
del ran 0.0,0.1 4.1,4.3 
del ran 0.7,0.8 4.1,4.3 
del ran 1.4,1.54 4.1,4.3 
del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.0 4.1,4.3 
del ran 3.64,10 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96 
crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
crack 3.392,4.14 3.392,3.96 
crack 4.009,4.14 4.009,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
del ran 3.27,3.4 3.9,4.1 
del ran 4,10 3.9,4.1 
;create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96
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crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
crack 3.639,3.78 3.639,3.96 
crack 3.762,3.78 3.762,3.96 
crack 4.379,3.78 4.379,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4 
del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.0 3.8,4 
del ran 3.64,3.76 3.8,4 
del ran 4.379,10 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78 
crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
crack 3.392,3.6 3.392,3.78 
crack 4.009,3.6 4.009,3.78 
crack 4.132,3.6 4.132,3.78 
crack 4.749,3.6 4.749,3.78 
del ran 0.3,0.43 3.6,3.8 
del ran 1.05,1.17 3.6,3.8 
del ran 1.8,1.91 3.6,3.8 
del ran 2.53,2.65 3.6,3.8 
del ran 3.27,3.39 3.6,3.8 
del ran 4.0,4.13 3.6,3.8 
del ran 4.75,10 3.6,3.8 
;create 6th layer 
crack 0.062,3.42 0.062,3.6 
crack 0.679,3.42 0.679,3.6 
crack 0.802,3.42 0.802,3.6 
crack 1.419,3.42 1.419,3.6 
crack 1.542,3.42 1.542,3.6 
crack 2.159,3.42 2.159,3.6 
crack 2.282,3.42 2.282,3.6 
crack 2.899,3.42 2.899,3.6 
crack 3.022,3.42 3.022,3.6 
crack 3.639,3.42 3.639,3.6 
crack 3.762,3.42 3.762,3.6 
crack 4.379,3.42 4.379,3.6 
crack 4.502,3.42 4.502,3.6 
crack 5.119,3.42 5.119,3.6 
del ran 0.0,0.06 3.4,3.6 
del ran 0.67,0.8 3.4,3.6 
del ran 1.4,1.54 3.4,3.6 
del ran 2.16,2.28 3.4,3.6 
del ran 2.9,3.02 3.4,3.6
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del ran 3.64,3.76 3.4,3.6 
del ran 4.38,4.5 3.4,3.6 
del ran 5.12,10 3.4,3.6 
;cut base
crack 6.12,3.12 6.12,3.42 
del ran 6.1,10 3.12,3.42 
gen edge 0.5
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 2000 shear 6.384e7 bulk 1.915e8 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 400e3 bulk 31 le3 
prop mat 6 dens 200 shear 1500e3 bulk 1167e3 
prop mat 7 dens 200 shear 1600e3 bulk 1245e3 
propjm at 1 jkn le8 jks le8 jfr2 5  
p ro p jm at2 jk n  le lO jks lelO  jfr 25 
change mat 4
change mat 1 range 0,10 3,3.4 
change mat 1 range 0,6 4.5,4.8 
change mat 2 range 0,4 4.8,5.1 
change mat 5 range 3.8,6 3.42,4.5 
change mat 6 range 0,3.8 3.96,4.5 
change mat 7 range 0,3.8 3.42,3.96 
change jm at 2
change jm at 1 range 0,6 3.5,4.4 
set grav 0 -9 .81
bound stress 0, 0, -68300 range 0.3,0.9 5.2,5.4 
bound stress 0, 0, -68300 range 2.0,2.6 5.2,5.4 
bound yvel = 0 range 0,8 3,3.2 
bound xvel = 0 range -0.01,0.01 3,5.1 
damp auto
B.10 Traffic on Concrete Pavement over Soil Embankment
round 0.03
block 0,3.12 0,5.35 10,5.35 10,3.12 
;create crack for each layer 
crack 0,3.42 10,3.42
crack 0,4.8 10,4.8 
crack 0,5.1 10,5.1 
;create covering portion 
crack 3.269,4.8 3.269,5.35 
del ran 3.3,10 4.5,5.35 
;embankment 
crack 3.269,4.8 6.12,3.42 
del range 4.8,10,4,5.4 
;cut base
crack 6.12,3.12 6.12,3.42 
del ran 6.1,10 3.12,3.42 
gen edge 0.5
;gen edge 0.1 ran 0,0.381 4.8,4.9 
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 2000 shear 6.384e7 bulk 1.915e8
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;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 400e3 bulk 31 le3 
prop mat 6 dens 200 shear 1500e3 bulk 1167e3 
prop mat 7 dens 200 shear 1600e3 bulk 1245e3 
prop jmat 1 jkn  le8 jks le8 jfr25  
prop jmat 2 jkn  le lO jks le lO jff 25 
change mat 1
change mat 4 range 0,4 5.1,5.35 
change mat 2 range 0,4 4.8,5.1 
change jm at 2
set grav 0 -9 .81
bound stress 0, 0, -68300 range 0.3,0.9 5.2,5.4 
bound stress 0, 0, -68300 range 2.0,2.6 5.2,5.4 
bound yvel = 0 range 0,8 3,3.2 
bound xvel = 0 range -0.01,0.01 3,5.5
his syy 0,3. 35
his syy 0.3, 3.35
his syy 0.6, 3.35
his syy 0.9, 3.35
his syy 1.2, 3.35
his syy 1.5, 3.35
his syy 1.8, 3.35
his syy 2.1, 3.35
his syy 2.4, 3.35
his syy 2.7, 3.35
his syy 3 ,3 .35
his syy 3.3, 3.35
his syy 3.6, 3.35
damp auto
B .ll Construction Traffic on Subgrade over EPS-Tire Embankment
round 0.03
block 0,3.12 0,4.8 10,4.8 10,3.12 
;create crack for each layer 
crack 0,3.42 10,3.42 
crack 0,3.6 10,3.6 
crack 0,3.78 10,3.78 
crack 0,3.96 10,3.96 
crack 0,4.14 10,4.14 
crack 0,4.32 10,4.32 
crack 0,4.50 10,4.5 
;create covering portion 
crack 3.269,4.5 3.269,4.8 
del ran 3.3,10 4.5,4.8 
;create 1st layer 
crack 0.309,4.32 0.309,4.50 
crack 0.432,4.32 0.432,4.50 
crack 1.049,4.32 1.049,4.50 
crack 1.172,4.32 1.172,4.50 
crack 1.789,4.32 1.789,4.50 
crack 1.912,4.32 1.912,4.50 
crack 2.529,4.32 2.529,4.50 
crack 2.652,4.32 2.652,4.50
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crack 3.269,4.32 3.269,4.50 
del ran 0.3,0.4 4.3,4.5 
del ran 1.05,1.2 4.3,4.5 
del ran 1.8,1.9 4.3,4.5 
del ran 2.5,2.65 4.3,4.5 
del ran 3.27,10 4.3,4.5 
;create 2nd layer 
crack 0.062,4.14 0.062,4.32 
crack 0.679,4.14 0.679,4.32 
crack 0.802,4.14 0.802,4.32 
crack 1.419,4.14 1.419,4.32 
crack 1.542,4.14 1.542,4.32 
crack 2.159,4.14 2.159,4.32 
crack 2.282,4.14 2.282,4.32 
crack 2.899,4.14 2.899,4.32 
crack 3.022,4.14 3.022,4.32 
crack 3.639,4.14 3.639,4.32 
del ran 0.0,0.1 4.1,4.3 
del ran 0.7,0.8 4.1,4.3 
del ran 1.4,1.54 4.1,4.3 
del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.0 4.1,4.3 
del ran 3.64,10 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96 
crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
crack 3.392,4.14 3.392,3.96 
crack 4.009,4.14 4.009,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
del ran 3.27,3.4 3.9,4.1 
del ran 4,10 3.9,4.1 
;create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96 
crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
crack 3.639,3.78 3.639,3.96 
crack 3.762,3.78 3.762,3.96 
crack 4.379,3.78 4.379,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4
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del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.0 3.8,4 
del ran 3.64,3.76 3.8,4 
del ran 4.379,10 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78 
crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
crack 3.392,3.6 3.392,3.78 
crack 4.009,3.6 4.009,3.78 
crack 4.132,3.6 4.132,3.78 
crack 4.749,3.6 4.749,3.78 
del ran 0.3,0.43 3.6,3.8 
del ran 1.05,1.17 3.6,3.8 
del ran 1.8,1.91 3.6,3.8 
del ran 2.53,2.65 3.6,3.8 
del ran 3.27,3.39 3.6,3.8 
del ran 4.0,4.13 3.6,3.8 
del ran 4.75,10 3.6,3.8 
;create 6th layer 
crack 0.062,3.42 0.062,3.6 
crack 0.679,3.42 0.679,3.6 
crack 0.802,3.42 0.802,3.6 
crack 1.419,3.42 1.419,3.6 
crack 1.542,3.42 1.542,3.6 
crack 2.159,3.42 2.159,3.6 
crack 2.282,3.42 2.282,3.6 
crack 2.899,3.42 2.899,3.6 
crack 3.022,3.42 3.022,3.6 
crack 3.639,3.42 3.639,3.6 
crack 3.762,3.42 3.762,3.6 
crack 4.379,3.42 4.379,3.6 
crack 4.502,3.42 4.502,3.6 
crack 5.119,3.42 5.119,3.6 
del ran 0.0,0.06 3.4,3.6 
del ran 0.67,0.8 3.4,3.6 
del ran 1.4,1.54 3.4,3.6 
del ran 2.16,2.28 3.4,3.6 
del ran 2.9,3.02 3.4,3.6 
del ran 3.64,3.76 3.4,3.6 
del ran 4.38,4.5 3.4,3.6 
del ran 5.12,10 3.4,3.6 
;cut base
crack 6.12,3.12 6.12,3.42 
del ran 6.1,10 3.12,3.42 
gen edge 0.5
;gen edge 0.1 ran 0,0.381 4.8,4.9
;mat l=covering soil = loose or silty sand
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7
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prop mat 2 dens 10 shear 4e9 bulk 4.3e9 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 250e3 bulk 195e3 
prop mat 6 dens 200 shear 400e3 bulk 31 le3 
prop mat 7 dens 200 shear 425e3 bulk 331e3 
prop jm at 1 jkn  le8 jks le8 jfr25  
prop jm at 2 jkn  le lO jks lelO  jfr 25 
change mat 4
change mat 1 range 0,6 4.5,4.8 
change mat 2 range 0,1 4.8,4.9 
change mat 5 range 3.8,6 3.42,4.5 
change mat 6 range 0,3.8 3.96,4.5 
change mat 7 range 0,3.8 3.42,3.96 
change jm at 2
change jm at 1 range 0,6 3.5,4.4 
set grav 0 -9 .81
prop mat 10 dens 200 shear 400e3 bulk 31 le3 
prop mat 11 dens 200 shear 850e3 bulk 661e3 
prop mat 12 dens 200 shear 750e3 bulk 584e3 
prop mat 13 dens 200 shear 900e3 bulk 700e3 
prop mat 14 dens 200 shear 785e3 bulk 61 le3 
change mat 10 range 3.4,6 3.4,4.5 
change mat 11 range 0,1.2 3.96,4.5 
change mat 12 range 1.2,3.8 3.96,4.5 
change mat 13 range 0,1.6 3.42,3.96 
change mat 14 range 1.6,3.8 3.42,3.96
bound stress 0, 0, -68300 range 0.3,0.9 4.75,4.85
bound stress 0, 0, -68300 range 2.0,2.6 4.75,4.85
bound yvel = 0 range 0,8 3.1,3.2













B.12 Road on EPS-Tires with Vertical Wall
round 0.03
block 0,1.2 0,5.3 4,5.3 4,1.2 
;create crack for each layer 
crack 0,2.34 3.269,2.34 
crack 0,2.52 3.269,2.52 
crack 0,2.7 3.269,2.7 
crack 0,2.88 3.269,2.88 
crack 0,3.06 3.269,3.06
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crack 0,3.24 3.269,3.24 
crack 0,3.42 3.269,3.42 
crack 0,3.6 3.269,3.6 
crack 0,3.78 3.269,3.78 
crack 0,3.96 3.269,3.96 
crack 0,4.14 3.269,4.14 
crack 0,4.32 3.269,4.32 
crack 0,4.50 3.269,4.5 
crack 0,4.8 3.269,4.8 
crack 0,5.05 3.269,5.05 
crack 0,5.3 3.269,5.3 
;create retaining wall 
crack 2.269,2.04 4,2.04 
crack 2.269,2.04 2.269,2.34 
crack 2.269,2.34 3.269,2.34 
crack 3.269,2.34 3.269,5.3 
crack 3.419,2.34 3.419,5.3 
crack 3.419,2.34 4,2.34 
del ran 3.4,4 2.34,5.3 
;create 1st layer 
crack 0.309,4.32 0.309,4.50 
crack 0.432,4.32 0.432,4.50 
crack 1.049,4.32 1.049,4.50 
crack 1.172,4.32 1.172,4.50 
crack 1.789,4.32 1.789,4.50 
crack 1.912,4.32 1.912,4.50 
crack 2.529,4.32 2.529,4.50 
crack 2.652,4.32 2.652,4.50 
crack 3.269,4.32 3.269,4.50 
del ran 0.3,0.4 4.3,4.5 
del ran 1.05,1.2 4.3,4.5 
del ran 1.8,1.9 4.3,4.5 
del ran 2.5,2.65 4.3,4.5 
;create 2nd layer 
crack 0.062,4.14 0.062,4.32 
crack 0.679,4.14 0.679,4.32 
crack 0.802,4.14 0.802,4.32 
crack 1.419,4.14 1.419,4.32 
crack 1.542,4.14 1.542,4.32 
crack 2.159,4.14 2.159,4.32 
crack 2.282,4.14 2.282,4.32 
crack 2.899,4.14 2.899,4.32 
crack 3.022,4.14 3.022,4.32 
del ran 0.0,0.1 4.1,4.3 
del ran 0.7,0.8 4.1,4.3 
del ran 1.4,1.54 4.1,4.3 
del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.3 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96
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crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
;create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96 
crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4 
del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.3 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78 
crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
del ran 0.3,0.43 3.6,3.8 
del ran 1.05,1.17 3.6,3.8 
del ran 1.8,1.91 3.6,3.8 
del ran 2.53,2.65 3.6,3.8 
;create 6th layer 
crack 0.062,3.42 0.062,3.6 
crack 0.679,3.42 0.679,3.6 
crack 0.802,3.42 0.802,3.6 
crack 1.419,3.42 1.419,3.6 
crack 1.542,3.42 1.542,3.6 
crack 2.159,3.42 2.159,3.6 
crack 2.282,3.42 2.282,3.6 
crack 2.899,3.42 2.899,3.6 
crack 3.022,3.42 3.022,3.6 
del ran 0.0,0.06 3.4,3.6 
del ran 0.67,0.8 3.4,3.6 
del ran 1.4,1.54 3.4,3.6 
del ran 2.16,2.28 3.4,3.6 
del ran 2.9,3.3 3.4,3.6 
;create 7th layer 
crack 0.309,3.24 0.309,3.42 
crack 0.432,3.24 0.432,3.42 
crack 1.049,3.24 1.049,3.42 
crack 1.172,3.24 1.172,3.42 
crack 1.789,3.24 1.789,3.42
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crack 1.912,3.24 1.912,3.42 
crack 2.529,3.24 2.529,3.42 
crack 2.652,3.24 2.652,3.42 
crack 3.269,3.24 3.269,3.42 
del ran 0.3,0.43 3.2,3.4 
del ran 1.05,1.17 3.2,3.4 
del ran 1.8,1.91 3.2,3.4 
del ran 2.53,2.65 3.2,3.4 
;create 8th layer 
crack 0.062,3.06 0.062,3.24 
crack 0.679,3.06 0.679,3.24 
crack 0.802,3.06 0.802,3.24 
crack 1.419,3.06 1.419,3.24 
crack 1.542,3.06 1.542,3.24 
crack 2.159,3.06 2.159,3.24 
crack 2.282,3.06 2.282,3.24 
crack 2.899,3.06 2.899,3.24 
crack 3.022,3.06 3.022,3.24 
del ran 0.0,0.06 3.1,3.2 
del ran 0.67,0.8 3.1,3.2 
del ran 1.4,1.54 3.1,3.2 
del ran 2.16,2.28 3.1,3.2 
del ran 2.9,3.3 3.1,3.2 
;create 9th layer 
crack 0.309,2.88 0.309,3.06 
crack 0.432,2.88 0.432,3.06 
crack 1.049,2.88 1.049,3.06 
crack 1.172,2.88 1.172,3.06 
crack 1.789,2.88 1.789,3.06 
crack 1.912,2.88 1.912,3.06 
crack 2.529,2.88 2.529,3.06 
crack 2.652,2.88 2.652,3.06 
crack 3.269,2.88 3.269,3.06 
del ran 0.3,0.43 2.9,3 
del ran 1.05,1.17 2.9,3 
del ran 1.8,1.91 2.9,3 
del ran 2.53,2.65 2.9,3 
;create 10th layer 
crack 0.062,2.7 0.062,2.88 
crack 0.679,2.7 0.679,2.88 
crack 0.802,2.7 0.802,2.88 
crack 1.419,2.7 1.419,2.88 
crack 1.542,2.7 1.542,2.88 
crack 2.159,2.7 2.159,2.88 
crack 2.282,2.7 2.282,2.88 
crack 2.899,2.7 2.899,2.88 
crack 3.022,2.7 3.022,2.88
del ran 0.0,0.06 2.7,2.9 
del ran 0.67,0.8 2.7,2.9 
del ran 1.4,1.54 2.7,2.9 
del ran 2.16,2.28 2.7,2.9 
del ran 2.9,3.3 2.7,2.9 
;create 11th layer 
crack 0.309,2.52 0.309,2.7 
crack 0.432,2.52 0.432,2.7 
crack 1.049,2.52 1.049,2.7
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crack 1.172,2.52 1.172,2.7 
crack 1.789,2.52 1.789,2.7 
crack 1.912,2.52 1.912,2.7 
crack 2.529,2.52 2.529,2.7 
crack 2.652,2.52 2.652,2.7 
crack 3.269,2.52 3.269,2.7 
del ran 0.3,0.43 2.5,2.7 
del ran 1.05,1.17 2.5,2.7 
del ran 1.8,1.91 2.5,2.7 
del ran 2.53,2.65 2.5,2.7 
;create 12th layer 
crack 0.062,2.34 0.062,2.52 
crack 0.679,2.34 0.679,2.52 
crack 0.802,2.34 0.802,2.52 
crack 1.419,2.34 1.419,2.52 
crack 1.542,2.34 1.542,2.52 
crack 2.159,2.34 2.159,2.52 
crack 2.282,2.34 2.282,2.52 
crack 2.899,2.34 2.899,2.52 
crack 3.022,2.34 3.022,2.52 
del ran 0.0,0.06 2.3,2.5 
del ran 0.67,0.8 2.3,2.5 
del ran 1.4,1.54 2.3,2.5 
del ran 2.16,2.28 2.3,2.5 
del ran 2.9,3.3 2.3,2.5
gen edge 0.5
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 2000 shear 6.384e7 bulk 1.915e8 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 400e3 bulk 31 le3 
prop mat 6 dens 200 shear 1500e3 bulk 1167e3 
prop mat 7 dens 200 shear 1600e3 bulk 1245e3 
prop jmat 1 jkn le8 jks le8 jfr 25 
prop jmat 2 jkn le lO jks lelO jfr 25 
change mat 4
change mat 1 range 0,4 1.2,2.3 
change mat 1 range 0,3.3 4.5,4.8 
change mat 2 range 0,3.3 4.8,5.05 
change mat 6 range 0,3.3 3.42,4.5 
change mat 7 range 0,3.3 2.3,3.42 
change mat 4 range 3.1,4 1.2,5.3 
change jm at 2
change jm at 1 range 0,3.1 2.4,4.4 
set grav 0 -9 .81
bound stress 0, 0, -68300 range 0.3,0.9 5.2,5.4
bound stress 0, 0, -68300 range 2.0,2.6 5.2,5.4
bound yvel = 0 range 0,5 1.1,1.3
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B.13 Road on EPS-Tires without Side Slope
round 0.03
block 0,1.2 0,5.3 3.269,5.3 3.269,1.2



































del ran 0.3,0.4 4.3,4.5
del ran 1.05,1.2 4.3,4.5
del ran 1.8,1.9 4.3,4.5











del ran 0.0,0.1 4.1,4.3
del ran 0.7,0.8 4.1,4.3
del ran 1.4,1.54 4.1,4.3
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del ran 2.16,2.3 4.1,4.3 
del ran 2.9,3.3 4.1,4.3 
;create 3rd layer 
crack 0.309,4.14 0.309,3.96 
crack 0.432,4.14 0.432,3.96 
crack 1.049,4.14 1.049,3.96 
crack 1.172,4.14 1.172,3.96 
crack 1.789,4.14 1.789,3.96 
crack 1.912,4.14 1.912,3.96 
crack 2.529,4.14 2.529,3.96 
crack 2.652,4.14 2.652,3.96 
crack 3.269,4.14 3.269,3.96 
del ran 0.3,0.43 3.9,4.1 
del ran 1.05,1.2 3.9,4.1 
del ran 1.8,1.9 3.9,4.1 
del ran 2.53,2.65 3.9,4.1 
;create 4th layer 
crack 0.062,3.78 0.062,3.96 
crack 0.679,3.78 0.679,3.96 
crack 0.802,3.78 0.802,3.96 
crack 1.419,3.78 1.419,3.96 
crack 1.542,3.78 1.542,3.96 
crack 2.159,3.78 2.159,3.96 
crack 2.282,3.78 2.282,3.96 
crack 2.899,3.78 2.899,3.96 
crack 3.002,3.78 3.002,3.96 
del ran 0.0,0.1 3.8,4 
del ran 0.7,0.8 3.8,4 
del ran 1.4,1.54 3.8,4 
del ran 2.15,2.3 3.8,4 
del ran 2.9,3.3 3.8,4 
;create 5th layer 
crack 0.309,3.6 0.309,3.78 
crack 0.432,3.6 0.432,3.78 
crack 1.049,3.6 1.049,3.78 
crack 1.172,3.6 1.172,3.78 
crack 1.789,3.6 1.789,3.78 
crack 1.912,3.6 1.912,3.78 
crack 2.529,3.6 2.529,3.78 
crack 2.652,3.6 2.652,3.78 
crack 3.269,3.6 3.269,3.78 
del ran 0.3,0.43 3.6,3.8 
del ran 1.05,1.17 3.6,3.8 
del ran 1.8,1.91 3.6,3.8 
del ran 2.53,2.65 3.6,3.8 
;create 6th layer 
crack 0.062,3.42 0.062,3.6 
crack 0.679,3.42 0.679,3.6 
crack 0.802,3.42 0.802,3.6 
crack 1.419,3.42 1.419,3.6 
crack 1.542,3.42 1.542,3.6 
crack 2.159,3.42 2.159,3.6 
crack 2.282,3.42 2.282,3.6 
crack 2.899,3.42 2.899,3.6 
crack 3.022,3.42 3.022,3.6 
del ran 0.0,0.06 3.4,3.6
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del ran 0.67,0.8 3.4,3.6 
del ran 1.4,1.54 3.4,3.6 
del ran 2.16,2.28 3.4,3.6 
del ran 2.9,3.3 3.4,3.6 
;create 7th layer 
crack 0.309,3.24 0.309,3.42 
crack 0.432,3.24 0.432,3.42 
crack 1.049,3.24 1.049,3.42 
crack 1.172,3.24 1.172,3.42 
crack 1.789,3.24 1.789,3.42 
crack 1.912,3.24 1.912,3.42 
crack 2.529,3.24 2.529,3.42 
crack 2.652,3.24 2.652,3.42 
crack 3.269,3.24 3.269,3.42 
del ran 0.3,0.43 3.2,3.4 
del ran 1.05,1.17 3.2,3.4 
del ran 1.8,1.91 3.2,3.4 
del ran 2.53,2.65 3.2,3.4 
;create 8th layer 
crack 0.062,3.06 0.062,3.24 
crack 0.679,3.06 0.679,3.24 
crack 0.802,3.06 0.802,3.24 
crack 1.419,3.06 1.419,3.24 
crack 1.542,3.06 1.542,3.24 
crack 2.159,3.06 2.159,3.24 
crack 2.282,3.06 2.282,3.24 
crack 2.899,3.06 2.899,3.24 
crack 3.022,3.06 3.022,3.24 
del ran 0.0,0.06 3.1,3.2 
del ran 0.67,0.8 3.1,3.2 
del ran 1.4,1.54 3.1,3.2 
del ran 2.16,2.28 3.1,3.2 
del ran 2.9,3.3 3.1,3.2 
;create 9th layer 
crack 0.309,2.88 0.309,3.06 
crack 0.432,2.88 0.432,3.06 
crack 1.049,2.88 1.049,3.06 
crack 1.172,2.88 1.172,3.06 
crack 1.789,2.88 1.789,3.06 
crack 1.912,2.88 1.912,3.06 
crack 2.529,2.88 2.529,3.06 
crack 2.652,2.88 2.652,3.06 
crack 3.269,2.88 3.269,3.06 
del ran 0.3,0.43 2.9,3 
del ran 1.05,1.17 2.9,3 
del ran 1.8,1.91 2.9,3 
del ran 2.53,2.65 2.9,3 
;create 10th layer 
crack 0.062,2.7 0.062,2.88 
crack 0.679,2.7 0.679,2.88 
crack 0.802,2.7 0.802,2.88 
crack 1.419,2.7 1.419,2.88 
crack 1.542,2.7 1.542,2.88 
crack 2.159,2.7 2.159,2.88 
crack 2.282,2.7 2.282,2.88 
crack 2.899,2.7 2.899,2.88
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crack 3.022,2.7 3.022,2.88 
del ran 0.0,0.06 2.7,2.9 
del ran 0.67,0.8 2.7,2.9 
del ran 1.4,1.54 2.7,2.9 
del ran 2.16,2.28 2.7,2.9 
del ran 2.9,3.3 2.7,2.9 
;create 11th layer 
crack 0.309,2.52 0.309,2.7 
crack 0.432,2.52 0.432,2.7 
crack 1.049,2.52 1.049,2.7 
crack 1.172,2.52 1.172,2.7 
crack 1.789,2.52 1.789,2.7 
crack 1.912,2.52 1.912,2.7 
crack 2.529,2.52 2.529,2.7 
crack 2.652,2.52 2.652,2.7 
crack 3.269,2.52 3.269,2.7 
del ran 0.3,0.43 2.5,2.7 
del ran 1.05,1.17 2.5,2.7 
del ran 1.8,1.91 2.5,2.7 
del ran 2.53,2.65 2.5,2.7 
;create 12th layer 
crack 0.062,2.34 0.062,2.52 
crack 0.679,2.34 0.679,2.52 
crack 0.802,2.34 0.802,2.52 
crack 1.419,2.34 1.419,2.52 
crack 1.542,2.34 1.542,2.52 
crack 2.159,2.34 2.159,2.52 
crack 2.282,2.34 2.282,2.52 
crack 2.899,2.34 2.899,2.52 
crack 3.022,2.34 3.022,2.52 
del ran 0.0,0.06 2.3,2.5 
del ran 0.67,0.8 2.3,2.5 
del ran 1.4,1.54 2.3,2.5 
del ran 2.16,2.28 2.3,2.5 
del ran 2.9,3.3 2.3,2.5
gen edge 0.5
;mat l=covering soil = loose or silty sand 
prop mat 1 dens 1800 shear 1.23e7 bulk 5.75e7 
prop mat 2 dens 2000 shear 6.384e7 bulk 1.915e8 
;prop mat 3 dens 200 shear 581e3 bulk 532e3 
prop mat 4 dens 2400 shear 1.2el0 bulk 1.3el0 
prop mat 5 dens 200 shear 400e3 bulk 31 le3 
prop mat 6 dens 200 shear 1500e3 bulk 1167e3 
prop mat 7 dens 200 shear 1600e3 bulk 1245e3 
prop jmat 1 jkn le8 jks le8 jfr 25 
prop jmat 2 jkn  le lO jks lelO  jfr 25 
change mat 4
change mat 1 range 0,4 1.2,2.3 
change mat 1 range 0,3.3 4.5,4.8 
change mat 2 range 0,3.3 4.8,5.05 
change mat 6 range 0,3.3 3.42,4.5 
change mat 7 range 0,3.3 2.3,3.42 
change mat 4 range 3.1,4 1.2,5.3 
change jm at 2
change jm at 1 range 0,3.1 2.4,4.4
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set grav 0 -9 .81
bound stress 0, 0, -68300 range 0.3,0.9 5.2,5.4
bound stress 0, 0, -68300 range 2.0,2.6 5.2,5.4
bound yvel = 0 range 0,5 1.1,1.3
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